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Haematology: Introduction 





To be a haematologist nowadays is to inhabit a whole continent of knowledge and to have 
perhaps only a distant acquaintance with large areas of it. Some divisions of the subject have 
already become specialties in their own right, and the study of leukaemia or blood coagulation 
alone is more than enough to occupy a man for life. Nevertheless, haematology remains an 
entity in so far as all its practitioners are interested in that quite peculiar fluid which circulates 
through the blood vessels. Moreover, whereas much medical research is applied research, of 
little value unless it can be used in the prevention or treatment of disease and therefore of interest 
chiefly to the specialist, this is not true of haematological research. It may also have an intrinsic 
value, due to its fundamental biological nature, as can easily be realized by thinking of the wide 
repercussions of the study of the blood groups. 

The present symposium is mainly concerned with the life-cycle of the red blood cells, 
their growth and development, and their ultimate destruction. In a short epilogue there is some 
discussion of the white cells and leukaemia. The function, apparently the only function, of the 
red blood cells is to carry haemoglobin, and their form and life-history have been evolved for 
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this purpose. Haemoglobin has been at the centre of 
physiological research for the last fifty years. Earlier 
studies were mainly concerned with the remarkable 
facility with which it takes up oxygen in the lungs and 
releases it in the tissues. In the course of this work it 
was discovered that foetal haemoglobin was different 
from adult haemoglobin. The next advance was Linus 
Pauling’s demonstration that much of the haemoglobin 
in sickle-cell anaemia was of yet a third type. 

Pauling’s discovery was made by methods which were 
like the bow of Ulysses in that few could use them. The 
break-through on this part of the advancing front of 
haematology has been due to the introduction of the 
technique of electrophoresis on paper strips, more re- 
cently followed by electrophoresis on starch gels. In 
every country in the world today one will find haema- 
tologists watching little drops of blood migrate on strips 
of filter-paper. This work has revealed an unexpected 
number of different haemoglobins, which have almost 
outstripped the resources of classification, and it has 
explained a variety of obscure haemolytic anaemias. 
Most of the haemoglobinopathies are inherited as simple 
traits and produce severe disturbances only when they 
are present in the homozygous form. Each of them is 
probably due to a single abnormal gene whose effect on 
the haemoglobin can be pin-pointed with great accuracy, 
Sickle-cell haemoglobin appears to result from the 
presence of a single abnormal member in the large chain 
of amino acids which constitute the globin part of the 
haemoglobin molecule. Few inborn errors have been so 
closely localized as this. 

The prevalence of the different haemoglobinopathies 
varies widely in different parts of the world and suggests 
the possibility that they may help us in tracing the move- 
ments of the early races of mankind. The prevalence of 
the different blood groups varies likewise but there is the 
great difference that, whereas no one of the ABO blood 
groups can be regarded as more normal than the others, 
only the adult and foetal types of haemoglobin are 
normal. Any variation from the normal should increase 
if it has survival value or disappear if it has not. We can 
therefore discuss the distribution of the abnormal haemo- 
globins in epidemiological terms and try to find the 
reason for their persistence. They constitute one of the 
most remarkable examples of polymorphism, the con- 
dition in which a mutant gene survives because the 
heterozygote is favoured by natural selection over both 
homozygotes. In sickle-cell anaemia the reason for the 
persistence of the trait at a level which could not possibly 
be maintained by fresh mutations appears to be the 


resistance of the heterozygote to malaria, and doubtless 
similar reasons will be found for the persistence of the 
other abnormal haemoglobins. 

Finally, it has been shown that the association of two 
different abnormal haemoglobins in the same individual 
may produce effects as severe as the homozygous in- 
heritance of either of them. The interaction of genes is 
well known to students of heredity in plants and animals, 
but it is probably still a little unfamiliar to the average 
medical practitioner and it may have considerable 
relevance to human disease. In the study of the haemor- 
rhagic disorders, for example, it has been discovered that 
a moderate depression of the antihaemophilic globulin 
and a moderate rise in the bleeding time, either of which 
might have remained latent if occurring alone, may give 
rise to a severe haemorrhagic disorder when they come 
together. The demonstration that one abnormal gene 
may modify the expression of another will stimulate 
students of human disease to find other examples. In- 
deed, one of the most important effects of recent advances 
in haematology has been to open the way to more re- 
search in human genetics. 

An introduction must be short if it is not to become 
an intrusion, but something should be said about the 
manufacture of the red blood cells and their cargo of 
haemoglobin. Until the First World War haematology 
was purely descriptive and little was known of the 
mechanisms which underlie the development of anaemia. 
In the leukaemias and lymphadenopathies we have still 
hardly advanced beyond this descriptive phase. In the 
anaemias, however, Whipple inaugurated a revolution 
in 1925 when he demonstrated that the formation of 
haemoglobin was entirely dependent on the supply of 
the necessary nutrients. The use of isotopes has led to a 
great enlargement of our knowledge of the absorption 
and utilization of the various haemopoietic factors 
though there is still much to be learned. The next 
quantitative advance was the discovery of methods for 
the measurement of the rate of red-cell destruction by 
labelling cells by their blood groups or by radioactive 
agents such as radiochromium, and subsequently of 
methods for measuring the rate of red-cell formation by 
the incorporation of isotopic tracers such as radioiron. 
We are now able to measure the rate of formation and 
destruction of the red blood cells with the same accuracy 
as we can measure the basal metabolism or the output 
of the heart. 

The consideration of the formation of blood as a 
manufacturing process which requires precise amounts 
of specific raw materials was of great value in its time 
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but it may have encouraged the mistaken view that the 
red blood cell is a finished product. Today we no longer 
regard the red cells as inert containers and we are be- 
coming increasingly aware of the enzymic activities 
which maintain them in good shape and which, like the 
haemoglobin itself, may suffer from hereditary defects. 
We have also been able to amplify Widal’s almost pre- 
cocious discovery of the haemolytic mechanisms which 


question. 


may terminate their lives prematurely. The study of the 
life of the red cell has been like a relay race in which 
discoveries in the field have led to work in the laboratory 
and this has been transferred back to the field again. 
It is a story which can be read with equal interest by 
those who are engaged in the treatment of patients and 
those who enjoy seeing nature so brilliantly put to the 
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1. Iron Requirements 


It is generally accepted that the average adult male has about 
4-5 g. of iron in his body, some 2-3 g. being in the haemo- 
globin, 1-1.5 g. in the body-stores as ferritin and haemo- 
siderin, and the rest in myoglobin, respiratory enzymes and in 
the plasma. The infant’s initial iron supply of 300-500 mg. is 
provided by the mother; thereafter iron for the increasing 
needs of the body has to be derived from the diet. 

The body is extremely economical in its handling of iron. 
Although some 20 mg. of iron are liberated each day from the 
breakdown of red cells, practically all of this is conserved and 
re-utilized for new red-cell formation. 

Although the excretion of iron is very small it is not 
completely negligible. By chemical balance studies, Ingalls 
& Johnston (1954) have shown that the loss in the faeces 
is approximately 0.2 mg./day. This is of the same order as 
the amount estimated by the use of radioactive iron (0.33- 
0.52 mg./day) (Dubach, Moore & Callender, 1955). In addi- 
tion to losses from the gastrointestinal tract, which are pro- 
bably derived from bile and desquamated mucosal cells, there 
is some loss in sweat and in hair. The total daily loss from all 
sources is estimated at about 0.5-1.5 mg./day (Moore, 1955). 

When a boy reaches adult life his iron requirements drop 
sharply and he needs to absorb only enough iron each day 
to make good this daily loss. From puberty on, however, 
females have additional requirements for menses and preg- 
nancies, amounting to an average of 0.5-1 mg./day. 

It might be thought that a normal western diet containing 
10-15 mg. of iron/day would provide a generous margin for 
such needs. Data on iron absorption, however, show that this 
is not so and that iron balance, especially in women, may be 
quite precarious. 


2. Methods of Studying Iron Absorption 


In the earlier attempts to assess the retention of iron taken 
by mouth, chemical iron balance studies were made. Josephs 
(1958) has recently reviewed the literature and has emphasized 
that much useful information has been obtained by such 
means. 
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Serum iron absorption curves have also been used to measure 
iron absorption. This method, however, is of limited value 
and cannot give any quantitative assessment of absorption 
(Bothwell, Mallett, Oliver & Smith, 1955). 

The introduction of radioactive isotopes of iron proved a 
great stimulus to further investigation of iron metabolism. 
In the earlier studies (Hahn, Bale, Lawrence & Whipple, 1939) 
the proportion of an oral dose of labelled iron appearing sub- 
sequently in the red cells was taken as a measure of iron ab- 
sorption. Later Dubach, Callender & Moore (1948) measured 
in addition the unabsorbed radioactive iron in the faeces. 
From this and subsequent studies it became evident that in 
iron-deficient subjects the proportion of the oral dose appear- 
ing in the blood was indeed a good measure of absorption but 
that in normal subjects it was only a close approximation, 
since some of the dose was stored and not used immediately 
for red-cell formation. In other diseased states the error in 
taking the amount in red cells as a measure of absorption may 
be gross. 

As an alternative to the radioactive balance technique, 
Bothwell, Pirzio-Biroli & Finch (1958) have made use of the 
two isotopes of iron, °*Fe and **Fe. They assume that if a 
labelled dose of iron is given by mouth the proportion of the 
absorbed iron that subsequently appears in red cells is the 
same as the proportion utilized if the dose is given intra- 
venously. For example if 75% of an intravenous dose of **Fe 
appears in red cells it is assumed that the proportion of an 
oral dose of **Fe appearing in red cells represents 75% of that 
actually absorbed. 

Where an investigation is concerned not so much with the 
actual amount of iron absorbed but with a comparison be- 
tween two iron preparations or two different experimental 
conditions, the two isotopes may both be given by mouth, and 
the ratio between the two in the blood will give the comparative 
absorption. 


3. Absorption of Iron Salts 


Much of our knowledge of iron absorption has been derived 
from studies using simple iron salts. Although this has given 
valuable information the doses have often been well outside the 
physiological range and not at all comparable with the amount 
of iron available in food. Furthermore, proportionately 
more iron is absorbed from smaller than from larger doses 
(Hahn, Carothers, Darby, Martin, Sheppard, Cannon, Beam, 
Denson, Peterson & McClellan, 1951; Bothwell et al. 1958) 
and, since the results are usually expressed as a percentage of 
the oral dose given, the findings of different groups of workers 
are not always comparable. 

According to published data on doses of iron ranging from 
0.05 to 1.0 mg./kg. of body-weight, some 2-20% of an oral 
dose of radioactive iron is absorbed in normal individuals; 
in iron-deficiency anaemia, 20-60%. These figures (quoted by 
Josephs, 1958) are largely derived from work done in the 
United States of America. They are somewhat lower than the 
results obtained by Smith & Mallett (1957), who used a 5-mg. 
dose of **Fe ferrous sulphate with 50 mg. of ascorbic acid. 
They found that 15 control hospital patients considered to 
have no haematological abnormality absorbed 27% of the 
dose (s.D. + 9.9), as measured from the faecal radioactivity. 
A mean of 20% of the oral dose appeared in the blood of these 
patients (s.D. + 8.4). In simple iron deficiency a mean of 
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62% (s.p. + 11.8) of the dose was absorbed, 61% of the oral 
dose being accounted for in the blood. 

These findings emphasize the need for each laboratory to 
establish standards for “normal” for the population being 
studied. They possibly also indicate that the average “normal” 
British subject is less well supplied with iron than the American 
“normal” controls. 


4. Absorption of Iron from Food 


From a nutritional point of view it is more important to 
know how the body handles food iron than how iron salts are 
absorbed. This problem has been approached both by 
chemical and radioactive iron studies. 

Moore and his co-workers (Moore, 1955) have injected 
radioactive iron into hens and have fed their eggs, and—when 
the hens have been killed—their muscle and liver, to normal 
adult subjects and to patients with iron-deficiency anaemia. 
They have also studied absorption from green vegetables 
grown in hydroponic solutions containing **Fe and from 
bread fortified with radioactive iron salts. Schulz & Smith 
(1958) have made similar studies in infants and children, using 
labelled milk, eggs and cereals fortified with radioactive 
sodium **Fe pyrophosphate. 

The adult normal subjects absorbed less than 10% of iron 
from labelled foods, except in the case of two receiving chicken 
muscle, whereas many children, especially those under three 
years of age, absorbed more than 10%. In both iron-deficient 
children and iron-deficient adults absorption of food iron was 
increased. Reducing substances, notably ascorbic acid, when 
given in doses of the order of 500 mg.—1 g., enhanced absorption 
of food iron (Moore, 1955). 

Pirzio-Biroli, Bothwell & Finch (1958) have thought it 
unnecessary to label foods in vivo but add a tracer dose of 
iron with a negligible amount of carrier to a standard meal 
containing 4.6 mg. of total iron. Their normal subjects ab- 
sorbed an average of 5.3% of the iron from this meal, and 
patients with uncomplicated iron deficiency 21.6%. The 
absorption of comparable doses of iron salts is some 2-3 times 
greater. 

The studies of Sharpe, Peacock, Cooke & Harris (1950) 
with tracer iron added to a variety of meals indicate that the 
proportion of iron absorbed when the total iron is kept 
relatively constant bears a direct relationship with the bulk 
of the meal. 

Doubt has been expressed as to whether iron in haem 
compounds is available for absorption, but both the chemical 
balance studies of Black & Powell (1942) and more recent 
studies of absorption using ®*Fe-labelled haemoglobin show 
that some 10% may be absorbed in normal individuals and 
20-25% in those suffering from iron deficiency (Callender, 
Mallett & Smith, 1957). 

The studies with labelled foods and labelled meals confirm 
the more laborious chemical balance studies, e.g., that of 
Johnston, Frenchman & Boroughs (1948) who showed 11% 
average absorption from a basal diet containing 7 mg. of iron. 
This was increased to 21% when beef was added to the diet. 
The influence of the beef is particularly interesting. Either 
iron from beef is more readily available for absorption and 
the increase was entirely due to the beef, or there is some- 
thing in beef which enhances absorption of iron from other 
foods. 

The accumulated data on the absorption of food iron sug- 


gests that in the normal adult something under 10% is ab- 
sorbed, but where the needs are greater, e.g., in children or in 
iron-deficiency states, absorption may be increased to at least 
twice this amount. In terms of an average daily intake of 
10-15 mg. of iron, this means a daily absorption of 1-1.5 mg. 
of iron, i.e., an amount which will readily meet the needs of the 
adult healthy male but which is barely adequate for women or 
other subjects suffering from any source of bleeding. 


5. Factors Influencing Absorption of Iron 


Following on their observations on the lack of excretion of 
iron from the body, McCance & Widdowson (1937) suggested 
that the mucosa of the small intestine plays an active part in 
the regulation of iron absorption. This theory was developed 
further by Hahn and his colleagues (Hahn, Bale, Ross, 
Balfour & Whipple, 1943), whose work in dogs indicated that 
anaemia due to chronic blood loss increased absorption of 
radioactive iron to some 5—15 times the normal. They showed 
also that there was a delay of a few days before any effect of 
acute haemorrhage on iron absorption could be demonstrated, 
but iron feeding 1-6 hours before giving the radioactive iron 
reduced absorption of the labelled dose. On the basis of these 
experiments they formulated the idea of ‘“‘mucosal block” 
depending on alternate saturation and desaturation of an 
acceptor mechanism in the mucosal cell: desaturation taking 
a matter of days but saturation only a matter of hours. 

Granick’s studies of ferritin provided some support for 
Hahn’s theory of mucosal block (Granick, 1946a, 1946b). He 
crystallized ferritin with CdSO, in the gastrointestinal tract of 
guinea-pigs after feeding large amounts of iron, and concluded 
that the iron induced the production in the mucosal cell of the 
specific protein apoferritin to which ferric iron is readily 
attached to form ferritin. 

In a recent discussion on the absorption of iron, Granick 
(1955) supposes that the apoferritin molecule, about 100 A in 
diameter, may be part of the membrane of the mucosal cell. 
He visualizes the molecule with four tiny holes or pores which 
are filled with iron hydroxide micelles when the apoferritin 
becomes ferritin. He further suggests that, when small amounts 
of iron are absorbed, ferrous iron enters the mucosal cell from 
the gut and is immediately oxidized to ferric iron in which 
form it diffuses to the rear part of the cell nearest the capillary. 
Here there is a reducing mechanism which changes the ferric 
iron back to ferrous iron. In this form the iron enters the 
blood stream and is chelated to the iron-binding protein trans- 
ferrin. When larger amounts of iron enter the mucosal cell 
some of the ferric iron may be trapped in the form of ferritin. 
With still larger amounts there may be such an accumulation 
of ferric iron in the front part of the cell that the pores of the 
apoferritin are completely clogged. In these circumstances 
there may be some delay before the reducing mechanism at the 
rear of the cell can clear the ferric iron and allow unclogging 
of the ferritin, and hence further absorption to take place. 

There has been much criticism recently of Granick’s hypo- 
thesis and a tendency to regard the ferritin less as a regulator 
of iron absorption than as a convenient form of non-toxic 
storage iron in the mucosal cell. It seems certainly an over- 
simplification to state that the mucosal cell plays the major 
role in control of iron absorption; rather, multiple factors 
are concerned, some tending to increase absorption, others to 
diminish it, and the mucosal cell itself plays a part among 
these factors. 
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a. Conditions within the Gut 


The constituents of the diet and their relative proportions 
are of great importance in regulating iron absorption. Ferrous 
iron is more readily absorbed than ferric (Moore, Dubach, 
Minnich & Roberts, 1944), and hence reducing substances, 
notably ascorbic acid, may encourage absorption of iron. 
Substances, for example, phosphates and phytates, which tend 
to precipitate insoluble iron salts may reduce iron absorption 
(Sharpe et al. 1950). On the other hand, diets low in phos- 
phates encourage excessive iron absorption (Hegsted, Finch 
& Kinney, 1949; Kinney, Hegsted & Finch, 1949). 

It has been thought that the gastric hydrochloric acid plays 
an important role in iron absorption, through ionization of 
food iron. Experimentally, however, subjects with achlor- 
hydria do not show any reduced absorption of food iron, and 
absorption is not enhanced in such subjects by the addition 
of hydrochloric acid (Moore, 1955). 

A number of isolated observations suggest that there may 
be other local secretory factors as yet undefined which may 
influence absorption of iron. Patients with partial gastrectomy 
show no impairment of absorption of iron salts (Smith & 
Mallett, 1957) but they absorb food iron poorly (Chodos, 
Ross, Apt, Pollycove & Halkett, 1957; Pirzio-Biroli et al. 
1958). This could mean that some factor in normal gastric 
secretion, other than hydrochloric acid, is necessary for normal 
absorption of food iron. On the other hand, disturbed intestinal 
motility may play a part in such subjects. 

Pirzio-Biroli (1955) has produced evidence that duodenal 
juice from iron-laden mice depresses absorption of iron in 
normal mice. He was, however, unable to show that duodenal 
juice from iron-deficient mice enhanced absorption in normal 
mice. 

Other experimental evidence suggests that pancreatic secre- 
tion may play some part in iron absorption, e.g., siderosis may 
be produced by ligation of the pancreatic ducts in cats (Taylor, 
Stiven & Reid, 1935) and by ethionine-induced pancreatic 
damage in rats and mice (Kinney, Kaufman & Klavins, 1955). 


b. Iron Stores and Erythropoiesis 


Apart from local factors inside the gut, the recent experi- 
mental work of Bothwell et al. (1958) suggests that the state 
of the iron stores and the rate of erythropoiesis are of major 
importance in the control of iron absorption. When iron 
stores in the rat are artificially increased or when erythropoiesis 
is depressed by plethora produced by transfusion, absorption 
of iron is diminished. Reduction of iron stores, or stimulation 
of erythropoiesis by haemorrhage or induction of haemolytic 
anaemia increases the absorption of iron. The effect of 
opposing factors, e.g., increased iron stores plus increased 
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erythropoiesis, may cancel each other, resulting in relatively 
normal iron absorption. In general these experimental findings 
are confirmed in clinical experience. How the effect of the 
stimuli is conveyed to the mucosal cell is, however, quite 
obscure. 


c. Mucosal Factors 


There are some clinical conditions in which the normal 
regulation of iron absorption appears to break down. In 
coeliac disease and idiopathic steatorrhoea there is a failure 
to absorb iron as part of a general malabsorption syndrome. 
This occurs even in the presence of severe iron deficiency, 
a factor which should increase absorption (Badenoch & 
Callender, 1954). All symptoms of coeliac disease, and some 
at least in the adult cases of idiopathic steatorrhoea, have been 
shown to be relieved by exclusion of wheat gluten from the 
diet (Anderson, Frazer, French, Gerrard, Sammons & Smellie, 
1952; Schwartz, Sleisenger, Pert, Roberts, Randall & Almy, 
1957). How the gluten interferes with the normal function of 
the mucosal cell is quite unknown. Studies with radioactive 
iron have, however, shown that a gluten-free diet may restore 
iron absorption to normal in coeliac disease and sometimes in 
adult steatorrhoea. Treatment with steroids has a similar 
effect, even when gluten is still included in the diet (Badenoch 
& Callender, 1958, unpublished observations). 

The opposite extreme, i.e., excessive iron absorption, is 
found in the condition of haemochromatosis. Here, as a 
result of some constitutional and familial defect, the mucosal 
cell continues to absorb iron even when the body is already 
laden with iron (Dubach et al. 1948; Bothwell, van Doorn- 
Wittkampf, Du Preez & Alper, 1953; Chodos et al. 1957; 
Pirzio-Biroli et al. 1958). It has been suggested that the in- 
creased absorption may be due to a disturbance in the oxida- 
tive metabolism of the mucosal cell; a decrease in the oxidative 
process as compared with the reductive process would allow 
iron to traverse the mucosal cell more rapidly (Granick, 1954). 
Such theories remain speculative. 


6. Conclusions 


The last few years have given us a much clearer under- 
standing of the quantitative aspects of iron absorption and the 
influence of various factors upon it. The use of radioactive 
iron has contributed greatly to our knowledge, notably in 
relation to the absorption of food iron. The actual mechanism 
of iron absorption, however, still remains obscure and it seems 
likely that further advances will be made only at the cellular 
level. 
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Vitamin B,. deficiency in man is almost invariably due to 
malabsorption caused either by defective gastric secretion of 
intrinsic factor or by a lesion of the small intestine. The 
introduction of vitamin B,,. labelled with the isotopes of 
cobalt made it possible to measure the absorption of B,, in 
both treated and untreated patients. The causes of Bj, 
deficiency can therefore now be diagnosed with precision in 
each patient. 


In this paper are described the methods available for 
measuring the absorption of radioactive B,,, and the con- 
tribution these absorption tests have made to our under- 
standing of B,. deficiency in the megaloblastic anaemias is 
discussed. Other ways in which radioactive B,. may be used 
to investigate B,. metabolism are also discussed. 


1. Radioactive Vitamin B,, 


Vitamin B,, may be labelled with Co (half-life, five years) 
(Chaiet, Rosenblum & Woodbury, 1950; Lester Smith, 
Hockenhull & Quilter, 1952) or with **Co and Co (half- 
life, 72 days) (Bradley, Lester Smith, Baker & Mollin, 1954; 
Mollin & Lester Smith, 1956). Since the biological half-life of 
vitamin B,, in the liver is approximately one year (Schlosser, 
Deshpande & Schilling, 1958), the shorter-lived isotopes are 
best used for labelling. For most absorption studies material 
of specific activity 0.5—1.0 uc/yg. is satisfactory. 


2. Methods of Studying Absorption of Co-Labelled Vitamin B,. 
a. Faecal Excretion Method 


The oral dose of radioactive B,, is given to the fasting 
subject, and the faecal excretion of radioactivity is estimated 
(Heinle, Welch, Scharf, Meacham & Prusoff, 1952). The 
difference between the amount given and the amount excreted 
represents the amount of labelled vitamin absorbed. The oral 
test dose of labelled B,, should be small for, as shown in 
Table I, the amount of B,, that can be absorbed through the 
intrinsic factor mechanism is limited (Glass, Boyd & Stephan- 
son, 1954; Swendseid, Gasster & Halsted, 1954; Baker & 
Mollin, 1955; Callender & Evans, 1955a). 

The greatest percentage is absorbed from doses of 0.1-1.0 
ug. (Table I). However, the normal range is wider with the 
l-ug. dose, so that this is preferable as a test dose. When 
duplicate tests are carried out with the doses of 0.5-1.0 ug. 
there is usually good agreement between the results, but 
occasionally differences of as much as 20% have been found 
between duplicate tests (Callender, Turnbull & Wakisaka, 
1954a; Halsted, Lewis, Hvolboll, Gasster & Swendseid, 1956). 

Although patients with pernicious anaemia usually absorb 
far less than control subjects, comparison of Tables I and II 
shows there is some overlap between the results in the two 
groups; some control subjects whose gastric function is other- 
wise normal absorb as little B,, as patients with Addisonian 
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TABLE |. THE AMOUNT OF VITAMIN B,, ABSORBED 
BY CONTROL SUBJECTS FROM SINGLE ORAL 
DOSES OF Co-LABELLED B,, 











Percentage absorbed Amount absorbed (yg.) 













Number of 
subjects 


wn 





ouin-Sooeo 
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* Data from Krevans, Conley & Sachs (1956) 
* Data from Callender, Turnbull & Wakisaka (1954b 
¢ Data from Halsted, Lewis, Hvolboll, Gasster & Swendseid (1956) 
@ Data from Mollin & Baker (1955) 
Data from Mollin, Booth & Baker (1957) 
* Number of observations 


pernicious anaemia (Baker & Mollin, 1955; Mollin, Booth & 
Baker, 1957). 

Use of Carbachol. Because of this overlap the oral dose 
should be given with an injection of the parasympathetic 
stimulant “‘carbachol” (carbamylcholine chloride), which 
appears to stimulate the secretion of intrinsic factor. Under 
these circumstances all the control subjects absorb more than 
50% from doses of 0.5—1.0 ug., whereas patients with Addison- 
ian pernicious anaemia are unaffected, absorbing less than 
30% of such doses (Mollin et al. 1957). A clearer differentia- 
tion is therefore obtained between control subjects and 
patients with pernicious anaemia. 

Diagnostic Use of Intrinsic Factor Concentrates. When the 
dose is given with a source of intrinsic factor there is an in- 
crease in the absorption of B,. in patients with pernicious 
anaemia (Heinle et al. 1952). In contrast, the absorption in 
patients with intestinal malabsorption syndrome is unaffected 
(Glass, 1953). 

Most workers have used a standard intrinsic factor con- 
centrate prepared from hog stomach for these tests. The dose 
and batch used should be carefully selected, as some batches 
of this material are reported to inhibit absorption in patients 
with pernicious anaemia if given in amounts larger than those 


TABLE Il. THE AMOUNT OF VITAMIN B,, ABSORBED 
BY PATIENTS WITH ADDISONIAN PERNICIOUS 
ANAEMIA FROM SINGLE ORAL DOSES OF Co- 
LABELLED B,, 











Percentage absorbed Amount absorbed (g.) 


Dose Number of 





(ug.) subjects 

Range 
0.5 41 (63) 0-30 11.5 
0.6 34 0-35 11.5 
1.0 32 0-28 11.0 





* Data from Callender, Turnbull & Wakisaka (1954a) 
» Data from Krevans, Conley & Sachs (1956) 
* Data from Halsted, Lewis, Hvolboll, Gasster & Swendseid (1956) 
@ Data from Mollin & Baker (1955) 
* Data from Mollin, Booth & Baker (1957) 
* Number of observations 
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required to produce maximal absorption (Glass, Boyd, 
Stephanson & Jones, 1955; Toporek, Bishop, Nelson & 
Bethell, 1955). 

The increase in absorption produced by an equal dose of 
intrinsic factor preparation varies widely and in some patients 
the increase may be small (Baker & Mollin, 1955). Further- 
more, some patients, particularly if they have been previously 
treated with hog intrinsic factor preparations, no longer 
absorb B,. given with it (Schwartz, Lous & Meulengracht, 
1957; Stokes & Pitney, 1958). However, human gastric juice 
will still potentiate the absorption of B,, in such patients. 

The faecal excretion method gives an accurate estimate of 
the amount of B,. absorbed. Its main disadvantages are: 
(i) that the loss of a radioactive sample may make a patient 
with pernicious anaemia appear normal; (ii) that it takes an 
average of seven days to complete the test; and (iii) the pre- 
paration of specimens may be unpleasant. This last disad- 
vantage may be largely overcome by the use of suitable 
counting methods (Booth & Mollin, 1956). 


b. Urinary Excretion Method 


Because of the disadvantages of the faecal excretion method 
Schilling (1953) introduced a urinary excretion test. He 
showed that, if a small dose of radioactive B,, is given by 
mouth, no radioactivity can be detected in the urine unless 
the test dose is “flushed out” by a large parentera: injection 
of non-radioactive B,.. When the parenteral injection is given 
with, or two hours after, the oral dose, approximately one- 
third of the absorbed radioactive B,, is excreted in the next 
24 hours (Callender & Evans, 1955b; MacLean & Bloch, 
1954). Considerable radioactivity can therefore be detected 
in the urine of control subjects under these conditions, where- 
as little or none is excreted by patients with pernicious anaemia 
unless the dose is given with intrinsic factor (Schilling, 
1953). 

The oral doses of Co-labelled B,, have ranged from 0.46 to 
2.0 ug.; the greatest percentage excretion occurs with doses of 
0.5-1.0 ug. (Table III). When these doses are used, control 
subjects will excrete at least 15% of the administered dose if 
an injection of carbachol is also given, whereas patients with 
pernicious anaemia will usually excrete less than 5% of the 
dose. 


TABLE Ill. THE URINARY EXCRETION OF RADIO- 
ACTIVE VITAMIN B,,. IN CONTROL SUBJECTS AND 
PATIENTS WITH PERNICIOUS ANAEMIA 


Control subjects Pernicious anaemia 


Percentage of 
oral dose 
excreted in urine 


Percentage of 
ora! dose 
excreted in urine 


Dose 


(ug) Number Number 
of f 











° 
subjects subjects 





















Range Range Mean 
0.5 26 (32)*| 15.8-39.6 2I 0.0-7.5 2.34 
1.0 18 7.0-22.0 35 0.0-2.3 0.608 





17 5.4-17.0 24 0.0-2.4 


* Data from Callender & Evans (1955b) 

+ Data from Schilling, Clatanoff & Korst (1955) 

¢ Data from Ellenbogen,Williams, Rabiner & Lichtman (1955) 
* Number of observations 
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The optimum time for the injection of non-radioactive B,>. 
appears to be from one to three hours after the oral dose, 
since parenteral injections given before, or at the same time, 
may depress the urinary excretion of the vitamin (Callender 
& Evans, 1955b; Miller, Corbus & Sullivan, 1957a; Reisner, 
Gilbert, Rosenblum & Morgan, 1956). Control subjects will 
usually excrete significantly more radioactive material if a 
second injection of non-radioactive B,. is given 24 hours after 
the oral dose (Ellenbogen, Williams, Rabiner & Lichtman, 
1955; Miller et al. 1957a). 

There is usually good agreement between duplicate tests 
carried out on the same subjects. Thus, with an oral dose of 
1 pg., differences in excretion of more than 9% of the ad- 
ministered dose in control subjects and of more than 2% in 
patients with pernicious anaemia are probably always signi- 
ficant (Schilling, Clatanoff & Korst, 1955). The urinary 
excretion of vitamin B,, is delayed and diminished in renal 
disease so that the test may be unsatisfactory in patients with 
this condition (Bull, Campbell & Owen, 1956; McIntyre, 
Sachs, Krevans & Conley, 1956; Rath, McCurdy, Duffy & 
Howley, 1956). 

The two advantages of this test are: (i) that the result may 
be obtained in 24 hours; and (ii) that between 25% and 50% 
of the absorbed radioactivity is flushed out by the large 
parenteral injection. The disadvantages are: (i) that the loss 
of a sample of radioactive urine may suggest that a normal 
subject is unable to absorb B,,; and (ii) that the clinical state 
of the patient may be altered by the large injection. This test 
is the method of choice for establishing a diagnosis of per- 
nicious anaemia in a patient who has already received 
treatment. 


c. Hepatic Uptake Method 


Glass, Boyd, Gellin & Stephanson (1954) demonstrated 
that, if °°Co-labelled B,, is given by mouth to control subjects, 
radioactive material accumulates in the liver, reaching a peak 
during the first week and persisting there relatively unchanged 
for at least several weeks. In contrast, very little radioactivity 
accumulates in the liver of patients with pernicious anaemia 
unless the dose is given with a potent source of intrinsic 
factor. Patients with pernicious anaemia can therefore be 
distinguished from control subjects simply by estimating 
hepatic radioactivity with a directional scintillation counter 
placed over the surface projections of the liver. Hepatic 
radioactivity is best counted after the disappearance of radio- 
activity from the intestines, usually three to seven days after 
the oral dose. This period may be shortened to 48 hours if 
laxatives and enemas are given to clear the gut of the un- 
absorbed radioactive material (Glass & Boyd, 1957). 

There is a good correlation between the hepatic uptake as 
estimated by direct counting over the liver and the amount of 
radioactive B,, absorbed as estimated by the faecal excretion 
test (Booth & Mollin, 1956). The amount of radioactive B,, 
absorbed can be accurately estimated by comparing the 
hepatic radioactivity after the oral dose with that after a 
parenteral injection of the same amount of radioactive B,>. 
(Glass, Boyd, Gellin & Stephanson, 1954; Pollycove & Apt, 
1956). 

The hepatic uptake method may be unsatisfactory in the 
presence of severe liver disease, which may interfere with the 
ability of the liver to take up injected or orally administered 
vitamin B,,. (Glass, Ebin, Boyd & Laughton, 1956). But this 
method has the distinct advantage that its accuracy does not 
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depend on the collection of excreta, a procedure which may 
be difficult, particularly in elderly and debilitated patients. 


d. Blood and Plasma Radioactivity 


The amount of radioactivity that appears in the blood after 
oral doses of 0.5—1.0 ug. is small, the peak being usually less 
than 2% of the administered dose (Booth & Mollin, 1956; 
Doscherholmen & Hagen, 1956, 1957). However, such small 
amounts may be detected if Co-labelled B,. of sufficiently 
high specific activity (2.5—-5.0 uc/ug.) is used or if the blood 
is counted for sufficiently long periods in very sensitive scin- 
tillation counters. As no radioactivity is detected in plasma 
of patients with pernicious anaemia until the dose is given 
with intrinsic factor, these patients can be distinguished from 
control subjects by estimating the peak radioactivity of plasma 
after suitable oral doses. 


3. Pathogenesis of Addisonian Pernicious Anaemia 


Pernicious anaemia is due to defective secretion of intrinsic 
factor which is almost invariably associated with achylia 
gastrica. In many patients there appears to be complete loss 
of intrinsic factor, for little or no Co-labelled B,, is absorbed 
from test doses. However, some patients appear to be able 
to absorb significant, though subnormal, amounts of radio- 
active B,. (Callender & Evans, 1955a; Mollin & Baker, 1955; 
Callender & Denborough, 1957; Maslow, Donnelly, Koppel 
& Schwartz, 1957). Such results are usually found in patients 
whose disease is diagnosed at an early stage, and it is likely 
that the absorption is due to the residual secretion of small 
amounts of intrinsic factor by the patients (Mollin & Baker, 
1955). 

It has long been recognized that achlorhydria may precede 
the clinical manifestations of Addisonian pernicious anaemia. 
With Co-labelled B,, it is possible to study the relationship 
of achlorhydria and pernicious anaemia in the general popula- 
tion and in the families of patients with pernicious anaemia. 


a. Absorption of Co-Labelled Vitamin B,, in Achlorhydria 


About half of the patients with histamine-fast achlorhydria, 
who are not relatives of patients with Addisonian pernicious 
anaemia, absorb on the average less labelled B,, than control 
subjects with free acid (Badenoch, 1954; Schilling et al. 1955; 
Glass, 1956; MacLean, 1955; McIntyre et al. 1956; Callender 
& Denborough, 1957; Mollin et al. 1957; Siurala & Nyberg, 
1957). In most of these the absorption defect is not as severe 
as in pernicious anaemia. However, approximately 3-5% of 
patients absorb as little B,. as patients with Addisonian per- 
nicious anaemia. Few of these latter patients have the gastric 
lesion of pernicious anaemia, for they absorb normal amounts 
of B,. when the dose is given with carbachol (Mollin et al. 
1957; Siurala & Nyberg, 1957). 


b. Absorption of Co-Labelled Vitamin B,» in Gastric 
Atrophy 

Twelve per cent of non-anaemic patients with atrophic 
gastritis or gastric atrophy, but without signs or symptoms of 
B,. deficiency, absorbed as little radioactive B,. as patients 
with pernicious anaemia, even after the administration of 
carbachol (Whiteside, Coghill, Selwyn & Mollin, 1959). Such 
patients had the gastric lesion of pernicious anaemia. The 
rest of the patients in this group absorbed normal amounts 
of B,,, and similar observations have been reported by others 
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(Badenoch, Evans & Richards, 1955; Callender & Den- 
borough, 1957; Siurala & Nyberg, 1957; Poliner & Spiro, 
1958). This suggests that the atrophy may precede the loss of 
intrinsic factor in such patients, and in fact the lesion has been 
observed to progress in some until they have developed the 
gastric lesion of pernicious anaemia (Mollin et al. 1957). 


c. Familial Addisonian Pernicious Anaemia 


The observations described above indicate that gastric 
atrophy may precede the loss of intrinsic factor when per- 
nicious anaemia develops in patients who have no family 
history of the disease. It is likely that this is also the sequence 
of events in patients with pernicious anaemia who are mem- 
bers of families in which the condition has already appeared 
(Callender & Denborough, 1957). 

However, this does not appear to be the whole story. 
Children and young adults in the families of patients with 
typical Addisonian pernicious anaemia may develop a con- 
dition identical with Addisonian pernicious anaemia, except 
that they have a normal gastric mucosa and normal amounts 
of free acid in their gastric juice (Mollin, Baker & Doniach, 
1955; Stevenson, Little & Langley, 1956; Rubin, personal 
communication, 1956; Harris-Jones, Swan & Tudhope, 1957). 
In these patients gastric atrophy is clearly not the cause of the 
defective secretion of intrinsic factor, and it is unlikely to be 
the cause of the defective absorption of B,. which has been 
noted in some non-anaemic relatives who have free acid in 
their gastric juice (McIntyre et al. 1956). 


4. Megaloblastic Anaemia Following Gastric Operations 


a. Total Gastrectomy 


Patients who have undergone a total gastrectomy also fail 
to absorb normal amounts of radioactive B,. unless the dose 
is given with a potent source of intrinsic factor (Swendseid, 
Halsted & Libby, 1953; Callender, Turnbull & Wakisaka, 
1954b; Glass, Pack & Mersheimer, 1955; MacLean, 1955; 
Schilling et al. 1955). The administration of intrinsic factor 
sometimes fails to improve absorption in such patients 
(Maslow et al. 1957). The cause of this intestinal malabsorp- 
tion of B,. is as yet uncertain, but it is unlikely to be due to 
the coincident presence of latent idiopathic steatorrhoea 
(adult coeliac disease), for the jejunal mucosa of such patients 
is normal (Booth, Chanarin & Mollin, 1958, unpublished 
data). 


b. Partial Gastrectomy 


Severe megaloblastic anaemia is rare after distal partial 
gastrectomy, the reported incidence being 0.6% (MacLean, 
1957). However, mild B,, deficiency is more frequent but 
may be unrecognized, for the haematological features of B,. 
deficiency are frequently masked by coincident iron deficiency. 
The cause of the B,, deficiency is again defective secretion of 
intrinsic factor (Badenoch, Evans, Richards & Witts, 1955; 
Mollin & Baker, 1955; Halsted, Lewis, Hvolboll, Gasster & 
Swendseid, 1956; Lowenstein, 1958). 

Most patients after partial gastrectomy, however, do not 
develop B,, deficiency and absorb normal or only slightly 
subnormal amounts of B,, (Glass, Pack & Mersheimer, 1955; 
MacLean, 1957). Patients lose their ability to secrete adequate 
amounts of intrinsic factor only when atrophy develops in the 
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gastric remnant, and this process may take many years 
(Badenoch, Evans, Richards & Witts, 1955). 


5. Intestinal Malabsorption Syndrome 
a. Deficiency of Vitamin By, 


Megaloblastic anaemia is frequently found in patients with 
anatomical lesions of the small intestine (multiple diverticula, 
blind loops, anastomosis, strictures or massive resections); 
with tropical sprue or with idiopathic steatorrhoea (adult 
coeliac disease). Almost all the patients in the first group, 
many of the patients in the second group and one-third of the 
patients in the last group have subnormal serum B,. concen- 
trations (Mollin & Ross, 1954, 1957; Mollin et al. 1957; 
Meynell, Cox, Cooke & Gaddie, 1957; Baker, 1958; Gardner, 
1958; Spray & Witts, 1958). 

The cause of the subnormal serum B,, concentrations in 
these conditions is defective absorption of vitamin Bj», for, 
since Glass (1953) reported that patients with ‘“‘sprue’’ may 
be unable to absorb radioactive B,. even in the presence of 
intrinsic factor, similar observations have been reported in 
idiopathic steatorrhoea (Turnbull, 1954; Callender & Evans, 
1955a; Mollin & Baker, 1955; Halsted, Lewis, Hvolboll, 
Gasster & Swendseid, 1956), in association with anatomical 
lesions of the small intestine (Krevans, Conley & Sachs, 1954; 
Doscherholmen & Hagen, 1954; Badenoch, Bedford & Evans, 
1955; Mollin & Baker, 1955; Halsted, Lewis & Gasster, 
1956; McIntyre et al. 1956; Oxenhorn, Estren & Adlersberg, 
1957) and in tropical sprue (Meyer, Suarez, Buso, Sabater & 
Suarez, 1953; Baker, 1958; Gardner, 1958). In addition, 
Oxenhorn et al. (1957) reported similar results in a group of 24 
patients with “idiopathic sprue’, a group composed of 
patients with idiopathic steatorrhoea (adult coeliac disease) 
and of Puerto Ricans resident in New York who presumably 
were suffering from chronic tropical sprue. 

Megaloblastic anaemia due to B,, deficiency has rarely if 
ever been described in patients with pancreatic steatorrhoea. 
Nevertheless, subnormal amounts of Co-labelled vitamin B,. 
may be absorbed by some patients with this condition 
(Halsted, Lewis, Hvolboll, Gasster & Swendseid, 1956; 
McIntyre et al. 1956; Frost, Goldwein & Kaufman, 1957). 
This defective absorption does not seem to be due simply to 
loss of the pancreatic secretions, for absorption was normal 
in one patient who had undergone total pancreatectomy. 


b. Effect of Intrinsic Factor 


Most observers report that doses of intrinsic factor which 
promote maximal absorption of B,,. in Addisonian per- 
nicious anaemia fail to improve the absorption of B,, in 
patients with intestinal malabsorption syndromes. However, 
Callender & Evans (1955a) have reported that very large doses 
of intrinsic factor concentrations will increase absorption in 
certain patients with idiopathic steatorrhoea. 

Very occasionally patients are found who suffer from 
steatorrhoea and other signs of intestinal malabsorption syn- 
drome, but who also have the gastric lesion of Addisonian 
pernicious anaemia (Mollin et al. 1957). Usually these 
patients absorb Co-labelled B,. when the dose is given with 
hog intrinsic factor concentrates. Occasionally, however, hog 
intrinsic factor is almost completely ineffective. Such patients 
will absorb normally if the dose is given with human gastric 
juice (Booth, Chanarin & Mollin, 1958, unpublished data). 
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FIG. 1. THE RATE OF DISAPPEARANCE OF RADIO- 
ACTIVITY FROM THE PLASMA OF FIVE CONTROL 
SUBJECTS, AFTER AN INTRAVENOUS INJECTION 
OF 0.04 ug. **Co-LABELLED VITAMIN B,, 
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Abscissae: time (minutes and hours) 
Ordinates: percentage of initial radioactivity 


c. Effect of Treatment with Antibiotics 


Patients with B,. malabsorption due to intestinal lesions 
can be further differentiated from one another by observation 
of the effect of antibiotics on the absorption of B,». 

Treatment with a course of oxytetracycline or tetracycline 
improves absorption in many patients with anatomical lesions 
of the small intestine (Krevans et al. 1954; Badenoch, Bedford 
& Evans, 1955; Halsted, Lewis & Gasster, 1956; Mollin et al. 
1957). However, if the ileum has been resected or short- 
circuited, no improvement follows administration of anti- 
biotics (McIntyre et al. 1956; Booth & Mollin, 1957). Re- 
moval of an abnormal intestinal flora by antibiotics is there- 
fore effective in restoring B,. absorption only when a func- 
tioning ileum is present. 

These results suggest that the site of absorption of vitamin 
B,, is the ileum, a view that is also supported by the observa- 
tion that vitamin B,. is absorbed in the middle and lower 
segments of the ileum of the rat (Booth, Chanarin, Anderson 
& Mollin, 1957; Booth & Mollin, 1957), and by observations 
made on patients at laparotomy, which indicate that no radio- 
active B,. is absorbed until the vitamin has reached the ileum 
(Booth & Mollin, 1958). 

Treatment with antibiotics will also improve the absorption 
of radioactive B,, in some patients with chronic tropical sprue 
in whom malabsorption has persisted in spite of treatment 
with B,, and folic acid (Mollin et al. 1957). In contrast, the 
absorption of radioactive B,, rarely improved after treatment 
with antibiotics in Indian patients with megaloblastic anaemia 
and tropical intestinal malabsorption syndrome (Baker, 1958). 


d. Effect of Gluten-Free Diet 


Patients with idiopathic steatorrhoea who absorb sub- 
normal amounts of B,, will frequently, if not invariably, 
absorb normal amounts of B,, after treatment with a gluten- 
free diet (Mollin et al. 1957; see also Anderson, Frazer, 
French, Gerrard, Sammons & Smellie, 1952). However, it 
may be necessary to continue treatment with the diet for very 
long periods before improvement occurs. The improvement 
in B,, absorption is not accompanied by any significant 
change in the abnormal histology of the small intestine 
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FIG. 2. THE RATE OF DISAPPEARANCE OF RADIO- 
ACTIVITY FROM THE PLASMA OF FIVE PATIENTS 
WITH UNTREATED ADDISONIAN PERNICIOUS 
ANAEMIA GIVEN AN INTRAVENOUS INJECTION 
OF 0.04 ug. “*Co-LABELLED VITAMIN B,, 
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(Shiner & Doniach, 1959; Mollin, Booth & Chanarin, 
1959). 


6. Absorption of Co-Labelled Vitamin B,, in 
other Megaloblastic Anaemias 


Normal amounts of radioactive B,. were absorbed by 
patients with: (i) megaloblastic anaemia of pregnancy 
(Badenoch, Callender, Evans, Turnbull & Witts, 1955); 
(ii) megaloblastic anaemia due to defective diet (Harrison, 
Booth & Mollin, 1956; Pollycove, Apt & Colbert, 1956); 
(iii) megaloblastic anaemia associated with cirrhosis (Kras- 
now, Walsh, Zimmerman & Heller, 1957); (iv) megaloblastic 
anaemia associated with scurvy (Booth & Mollin, 1957, un- 
published data); (v) megaloblastic anaemia associated with 
haemolytic anaemia, leukaemia, reticulo-sarcoma (Chanarin, 
Mollin & Anderson, 1958). These observations are in keeping 
with the fact that the anaemia in these patients usually required 
treatment with folic acid and not vitamin B,». 


7. Other Uses of Co-Labelled Vitamin B,, 


In this paper discussion has been restricted to the use of 
Co-labelled B,,. for the diagnosis and investigation of the 
megaloblastic anaemias. This material has also been used to 
study the plasma clearance and subsequent distribution of both 
orally and parenterally administered B,. (Mollin, Pitney, 
Baker & Bradley, 1956; Booth & Mollin, 1956; Miller, 
Corbus & Sullivan, 1957b). The results which have been ob- 
tained indicate that, contrary to what one might expect, the 
plasma clearance of B,, is slower in patients with Addisonian 
pernicious anaemia than in control subjects (figs. 1, 2). This 
may be due, in part, to the fact that the unsaturated B,.- 
binding capacity of the serum of the patients is increased, for 
an even slower rate of clearance is observed in patients with 
chronic granulocytic leukaemia, in whom the unsaturated 
B,.-binding capacity is much greater than normal (Mollin et 
al. 1956; Miller et al. 1957b). However, this may not be the 
whole explanation, for patients with intestinal malabsorption 
and very low serum B,, levels also clear B,, from their plasma 
at a normal rate (Booth & Mollin, 1958; Brodie & Estren, 
personal communication, 1958). 
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Folic acid (Latin folium, “‘a leaf’’), a member of the vitamin 
B complex, was first obtained from spinach leaves (Mitchell, 
Snell & Williams, 1941). It is probably identical with vitamin 
B, (Hogan & Parrot, 1940) and with the Lactobacillus casei 
factor (Stokstad, 1943), both isolated from liver; in 1945 it 
was synthesized (Angier eft al.) and named pteroylglutamic 
acid; its formula is shown below: 


N N 
\ COOH 
NH,7 ) tr £2 
NK A J CHe NH _S-C-NH-CH-CH,-CH,-COOH 
N 


H 


Vitamin M, factor U, Norit eluate factor, yeast L. casei 
factor, Streptococcus lactis R factor, fermentation L. casei 
factor, and vitamin B, conjugate are names for conjugates of 
folic acid; some are alternative titles for the same substance, 
and some have been synthesized by the attachment in peptide 
linkage of a number of glutamic acid residues to the glutamic 
acid radical of pteroylglutamic acid. ‘‘Folic acid”’, in thera- 
peutics, usually means synthetic pteroylglutamic acid, but 
otherwise often includes all naturally occurring substances 
with folic acid activity. 

Reduced and formylated compounds known 
as the folinic acids exist in nature, and 


1. Metabolic Activities of the Folic Acid Group of 
Substances 


Synthetic folic acid was found to produce a haemopoietic 
response in the megaloblastic anaemias. It is now clear that 
this vitamin is of fundamental importance in numerous 
metabolic processes. In-vitro experiments on mammalian 
liver slices and homogenates have been concerned with its 
participation in the biosynthesis of amino acids, purines and 
pyrimidines. Metabolic pathways in folic acid depleted 
mammals have been studied against folic acid replete animals. 

The folic or folinic acids are found in foodstuffs, particu- 
larly in liver, kidney, and in fresh green vegetables. The acid of 
the gastric juice probably converts folinic acid into folic acid, 
and normally absorption probably occurs in the upper part of 
the small intestine. 

The active form of folic acid appears to function as the 
prosthetic group of an enzyme (coenzyme F) essential for 
the transfer of certain single carbon fragments. In the ex- 
ample at the foot of this page a single carbon unit is built into 
5-amino-4-imidazolecarboxamide ribotide to give a purine 
precursor. 

Nichol, Anton & Zakrewski (1955) suggest that the meta- 
bolically active substance is labile. Greenberg, Jaenicke & 
Silverman (1955) believe it is N}°-formyltetrahydropteroyl- 
glutamic acid, formed by an ATP-dependent reaction between 
formate and tetrahydropteroylglutamic acid catalysed by an 
enzyme termed tetrahydrofolate formylase. Possibly the more 
stable folinic acid is derived from the labile active substance, 
the transfer of one-carbon units being mediated by folic acid 
as shown in fig. 1. 

There may be several metabolically active derivatives of 
folic acid, including, in addition to N°-formyltetrahydro- 
pteroylglutamic acid, anhydroleucovorin and hydroxymethyl- 
tetrahydropteroylglutamic acid. 

There is now considerable evidence that a ‘‘one-carbon 
unit pool” exists in the body, consisting at low concentrations 
of “‘free” one-carbon radicals or of stabilized one-carbon- 
coenzyme complexes. These different one-carbon units appear 
to be interconvertible under certain conditions, and are with- 
drawn for the synthesis of many substances. The functions 
of folic acid and of vitamin B,, in the one-carbon unit pool are 
uncertain, but vitamin B,, is apparently concerned with some 
stage of methyl-group synthesis, while folic acid is concerned 
with the transfer of hydroxymethyl (—CH,OH), formyl 
(—CHO) and formimino (—CH=NH) groups. One-carbon 
units are supplied to the pool by various substances, including 
histidine, glycine and serine, and are made available through 
the activity of the folic acid derivatives (see fig. 1) for the 
synthesis of many substances, including methionine and the 
purine and pyrimidine precursors from which the nucleic acids 
are built up. A haemopoietic response in megaloblastic 
anaemia has been obtained not only with the derivatives of 
pteroylglutamic acid and their conjugates but also with histi- 
dine, which is a source of one-carbon units, and with thymine 


5-f 1-5 :6: 7: 8-tetrahydropt Iglutami me ~ J ~ 
-formyl-5 : 6: 7: 8-tetrahydropteroylglutamic Py Folic acid ra” in 
acid is a synthetic substance with similar H,N C \Q derivative NH, “4 »\ du ¥ 
properties. The folinic acids, some of which || CH ———> oi I cH ——> } \| CH 
are probably conjugates, are called citrovorum C HC 
factors because they support the growth of H a hws p 0 “hae N/V “_R5-p 
Pediococcus cerevisiae, formerly thought to be 3 ‘ 
Leuconostoc citrovorum. RS-P represents ribose 5-phosphate 

14 


Brit. med. Bull. 1959 


FIG. 


Folit 
(stal 
for 


de 


(Bena ao8 


12 


etic 
hat 
ous 
ian 

its 
ind 
ted 
als. 
cu- 
l of 
rid, 
| of 


the 
for 
eXx- 
nto 
ine 


ta- 


yy l- 
>en 


ore 
ice, 
cid 


ro- 
yl- 


on 
ns 
on- 
ear 
th- 
ns 
are 
me 
1ed 
nyl 
on 
ing 
igh 
the 
the 
ids 
tic 


sti- 
ine 


-P 


S59 


ROLE OF FOLIC ACID IN BLOOD DISORDERS Ronald H. Girdwood 


FIG. 1. ROLE OF FOLIC ACID IN THE TRANSFER OF 
ONE-CARBON UNITS 
One-carbon 
unit given 
aad \ Folic acid in food 
Folinic acid Tetrahydropteroylglutamic acid +- formate 
(stable =. 
form) th Active substance 
(Formyl 
derivative) 


and possibly some other pyrimidines such as uridine and cyti- 
dine phosphates whose synthesis is mediated by the folic acids. 

In bacteria, the folic acid co-factor is probably concerned 
with the formation of purines and pyrimidines, whilst vitamin 
B,. is concerned with the formation from them of nucleosides. 

Recent publications dealing with these complex problems in 
detail are those of Davidson, 1957; Rundles & Brewer, 1958; 
Connor Johnson, 1958; Arnstein, 1957. 

The essential biochemical difference between the “‘megalo- 
blast” and the “‘normoblast”’ is unknown; Reisner (1958) 
speaks of an intracellular metabolic pool to which the nucleo- 
proteins themselves can contribute ribosides, ribotides, 
pyrimidine and purine bases, amino acids and labile carbon 
atoms essential for nucleoprotein synthesis. Before mitosis, 
synthesis of deoxyribonucleic acid (DNA) for chromosome 
formation occurs. During maturation the synthesis of ribo- 
nucleic acid (RNA) for building cell protein predominates. 
One of the requisites for mitotic division is a doubling of the 
amount of DNA. In pernicious anaemia the RNA : DNA 
ratio is higher than normal (Glazer, Mueller, Jarrold, Sakurai, 
Will & Vilter, 1954), but Lajtha (1957) found no difference 
between normoblasts and megaloblasts in interphase time 
or in rate of DNA synthesis in vitro. However, Reisner 
(1958) considers that the interphase time is in fact longer 
in the megaloblast, that the principal sources of the extra 
DNA required for mitosis are probably the constituents of 
cytoplasmic RNA, and that, when supplies of folic acid or 
vitamin B,. are deficient, the marrow becomes crowded with 
cells waiting to synthesize enough DNA to enable them to 
divide. These early forms assume the nuclear characteristics 
of megaloblasts because of greater dispersion of chromatin 
through the nucleus during this period of waiting. The failure 
of DNA formation is attributed by Reisner to a hold-up in the 
methylation of deoxyuridylic acid (deoxyuridine mono- 
phosphate) to thymidylic acid (thymine monophosphate), a 
step mediated by folic acid derivatives.* 


2. A Classification of Abnormalities of Folic Acid 
Metabolism in Man 


The development of megaloblastic anaemia indicates 
deficiency of folic acid or vitamin B,, or both, or interference 
with their metabolism. The deficiency of the substances must 
be severe for anaemia to develop. Megaloblastic anaemia has 
been reported in scurvy, and may then respond to treatment 
with ascorbic acid alone (Brown, 1955; Booth & Mollin, 
1956). There is probably associated deficiency of folic acid or 
vitamin B,.. If we include possible interference with the 
metabolism of the vitamin, the causes of folic acid depletion 


12. = — Brit. med. Bull. 1956, 12, 14; Lester Smith, Brit. med. Bull. 1956, 
» 52.—Ep. 
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are: (i) nutritional; the diet is deficient in available folic acid; 
(ii) malabsorption, viz. idiopathic steatorrhoea, tropical sprue 
and coeliac disease; (iii) organic disease of the small intestine 
resulting in malabsorption; (iv) extensive resection of the small 
intestine; (v) pregnancy; (vi) chronic liver disease; (vii) 
administration of folic acid antagonists, such as 4-amino- 
pteroylglutamic acid or pyrimethamine; (viii) administration 
of anticonvulsants, particularly phenytoin sodium or primi- 
done; (ix) extensive malignant disease, including the leukae- 
mias; (x) vitamin B,, depletion; (xi) a combination of some 
of these causes. 

The term “‘macrocytic anaemia” indicates that abnormally 
large cells are present in the peripheral blood; this change may 
occur without there being megaloblasts in the bone-marrow. 
The term “‘megaloblastic anaemia” refers to the presence of 
megaloblasts in the marrow; in sprue, red-cell precursors 
that are intermediate in appearance between megaloblasts and 
normoblasts are sometimes found. In megaloblastic anaemia 
uncomplicated by iron deficiency many red cells in the blood 
are macrocytic. 


3. Laboratory Investigation of a Patient with 
Suspected Folic Acid Deficiency 


The details of the clinical examination are not discussed 
here but it is emphasized that diarrhoea is not always a feature 
in idiopathic steatorrhoea. 

It would be useful if the blood folic acid level could be 
measured as accurately as can the serum vitamin B,, level. 
Methods have been described by Niewig, Faber, de Vries & 
Kroese (1954), using Streptococcus faecalis as a test organism, 
by Toennies, Usdin & Phillips (1956), using L. casei and by 
Baker, Erdberg, Pasher & Sobotka (1957), using a thermo- 
philic bacillus. The basic principle is that serum, plasma or 
whole blood is used to promote the growth of a test organism 
in a defined medium, and the amount of growth is compared 
with that in a standard prepared by adding various dilutions 
of pteroylglutamic acid to the medium. Ideally the growth 
of the organism under the conditions of the test must be 
supported only by pteroylglutamic acid or closely related 
forms. According to Usdin, Phillips & Toennies (1956) the 
folic acid activity of blood haemolysates is the result of 
enzymic activity of a plasma component acting upon a folic 
acid precursor released from red cells, and the active material 
has five or six components, none identical with pteroyl- 
glutamic acid, folinic acid, pteroyltriglutamic acid, N’®- 
formylpteroylglutamic acid, anhydroleucovorin, pteroyl-a- 
glutamylglutamic acid, thymine, thymidine, pteroic acid or its 
derivatives. For full activity, plasma and cells must be present, 
and, although the activity for L. casei is high, that for Str. 
faecalis and Ln. citrovorum is low. Studies with labelled 
pteroylglutamic acid in man have not been carried out, 
although C-labelled pteroylglutamic acid can be prepared. 

Suspected folic acid depletion might be measured by com- 
paring the output of pteroylglutamic acid in the urine, follow- 
ing the injection of a test dose, with that of normal subjects. 
Folic acid depletion can be revealed in this way, but renal 
excretion is rapid, and some patients grossly deficient in the 
vitamin have a normal urinary folic acid output after a 5-mg. 
test dose. Normally, however, the amounts of folic acid 
excreted in the urine after a 5-mg. oral or subcutaneous test 
dose are similar, but in diseases such as idiopathic steator- 
rhoea which result in malabsorption of folic acid there is a 
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diminished urinary output of folic acid after the oral test dose 
(Girdwood, 1953a, 1956). 

This folic acid absorption test has also been found to 
be of practical value by Butterworth, Nadel, Perez-Santiago, 
Santini & Gardner (1957) in tropical sprue, and by Cox, 
Meynell, Cooke & Gaddie (1958). It is useful to give seven 
daily injections of 15 mg. of folic acid beforehand in order to 
correct body depletion of the vitamin, but Butterworth et al. 
(1957) have shown that, in tropical sprue, treatment with folic 
acid for 4-8 weeks may correct the malabsorption of folic acid. 

The levels of folic acid reached in the blood after an oral 
test dose were found to be low in untreated pernicious anaemia 
and idiopathic steatorrhoea by Spray & Witts (1952). The 
blood levels of folic acid and of glucose after the administra- 
tion together by mouth of 5 mg. of folic acid and 50 g. of 
glucose showed relatively little rise in three cases of idiopathic 
steatorrhoea treated with folic acid, as compared with 13 con- 
trols (Girdwood, 1955). Serum levels of folic acid after an 
oral dose were measured in a much larger series of cases of 
treated malabsorptive disease and in controls by Chanarin, 
Anderson & Mollin (1958). The peak serum concentration 
was significantly lower in pregnancy and much lower in most 
cases of idiopathic steatorrhoea, so that this would appear 
to be a satisfactory alternative test in the latter condition. 
Chanarin et al. (1958) also measured the output of folic acid 
in the urine after a 5-mg. oral test dose in 50 normal subjects 
and ten patients with idiopathic steatorrhoea after previous 
treatment with the vitamin. They found an overlap in their 
results, rendering interpretation difficult. I would agree with 
this conclusion since an essential part of the urinary test is to 
compare the output after an oral test dose with that after an 
injected dose. The estimation of folic acid is by a micro- 
biological method, technically easier now that the necessary 
culture medium is available commercially. The serum vitamin 
Biz level should always be estimated, because deficiency 
of both vitamins may exist together. 


4. Mechanisms of Production of Folic Acid Deficiency 
a. Nutritional Megaloblastic Anaemia 


Since folic acid occurs not only in animal organs and 
tissues, but also in fresh green vegetables, one would expect 
megaloblastic anaemia due to dietary deficiency of folic acid 
to be rare. Very strict European vegetarians, the Vegans, 
develop deficiency of vitamin B,., but in both vegetarians and 
meat eaters among malnourished races in tropical countries 
megaloblastic anaemia that responds to folic acid treatment 
but is resistant to vitamin B,, is not uncommon. The folic 
acid of the diet is perhaps destroyed or rendered non-available 
by excessive cooking. Deficiency of both folic acid and 
vitamin B,, is probably common. 

In different geographical areas the factors concerned in the 
causation of nutritional megaloblastic anaemia and in the 
response to treatment vary; unfortunately the minimal daily 
requirements of folic acid in the human subject are unknown. 
Calculations based on the minimal amount required to pro- 
duce a haemopoietic response in Addisonian pernicious 
anaemia are not valid since folic acid is not the vitamin that 
is primarily lacking. 

In addition to vitamin B,, deficiency, nutritional megalo- 
blastic anaemia may be complicated by pregnancy, sprue, 
malaria and ascorbic acid deficiency. In Nigeria, Woodruff 
(1955) has suggested that nutritional macrocytic anaemia with 
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a macronormoblastic marrow may result from protein malnu- 
trition and liver damage. Presumably a megaloblastic element 
may be superimposed by deficiency of folic acid or vitamin 
B,.. Lehmann (1949) thought that macrocytic anaemia in 
Uganda was largely due to the appearance in the peripheral 
blood of reticulocytes and other young cells, in response to 
loss of blood in ancylostomiasis, but Hynes and his co- 
workers (Hynes, Ishaq & Morris, 1945; Hynes, Ishaq, Morris 
& Verma, 1946; Hynes, Ishaq & Verma, 1946) did not find 
macrocytic anaemia in Indian troops, even when ancylo- 
stomiasis was present, although iron-deficiency anaemia was 
common. In hookworm disease and in malaria, megalo- 
blastic anaemia might be commonly expected in malnourished 
people with poor body-stores of folic acid or vitamin By». 

The role of micro-organisms in the small intestine in relation 
to the development of megaloblastic anaemia is uncertain. 
Foy & Kondi (1954) showed that penicillin given by injection 
or by mouth to patients with nutritional megaloblastic 
anaemia would cause haematological remission, but Cregan, 
Dunlop & Hayward (1953) in Australia found insignificant 
numbers of micro-organisms in the small intestine, even in 
achlorhydria, while Anderson & Langford (1958) found no 
significant flora in the small intestine in coeliac disease. 
Satisfactory methods of investigation without surgical oper- 
ation have not been devised. 

Zuelzer & Ogden (1946) in the USA and Amato (1946) in 
Italy described the rare megaloblastic anaemia of infancy. 
The American infants had all received the same proprietary 
brand of dried milk, found to be deficient in ascorbic and folic 
acids. Walt, Holman & Naidoo (1957) have described the 
condition in Durban. 


b. Idiopathic Steatorrhoea, Tropical Sprue and 
Coeliac Disease 


In idiopathic steatorrhoea and tropical sprue, megalo- 
blastic anaemia is common. In coeliac disease it is rare.? 
In adults it may be due to malabsorption of folic acid alone 
or of folic acid and vitamin B,., as shown by the folic acid 
absorption test, together with measurement of the absorption 
of labelled vitamin B,. and estimation of the serum vitamin 
B,, level. I have encountered malabsorption of vitamin B,., 
associated with normal absorption of folic acid in two cases 
of idiopathic steatorrhoea. Malabsorption of folic acid has 
been demonstrable in 111 of 118 cases of idiopathic steator- 
rhoea, even in the absence of anaemia. Chanarin et al. (1958) 
found normal absorption of folic acid in 2 of 20 cases of 
idiopathic steatorrhoea. 

In coeliac disease in relapse, too, defective absorption of 
folic acid has been demonstrated. 

Folic acid therapy in idiopathic steatorrhoea may improve 
the absorption of various substances, including folic acid 
itself, but in disease of long duration irreversible organic 
changes may develop in the small intestine. Although mu- 
cosal atrophy is known to occur, there is still doubt about the 
complete histological picture of the small intestine in this 
group of conditions, and even about the classification of 
these diseases (Doniach & Shiner, 1957; Shiner, 1957; Sakula 
& Shiner, 1957; Butterworth & Perez-Santiago, 1958; Cooke, 
1958). In the treatment of idiopathic steatorrhoea, it is 
usually satisfactory to give the folic acid by mouth, but the 
first doses may reasonably be administered by injection. 


* See Frazer, Brit. med. Bull. 1958, 14, 212.—Epb. 
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c. Organic Disease of the Small Intestine 


Symptoms and signs similar to those of idiopathic steator- 
rhoea may occur in the presence of a blind or stagnant loop 
of intestine resulting from disease or diverticulum formation. 
The resulting megaloblastic anaemia is due to deficiency of 
vitamin B,.. From five patients with blind or stagnant loops, 
I have obtained cultures of organisms, mostly Escherichia 
coli. These and the Bacillus proteus organisms that were iso- 
lated absorbed vitamin B,,. from a culture medium; when the 
medium contained radioactive vitamin B,., the radioactivity 
was largely lost from the medium and taken up by the 
organisms. On the other hand folic acid was not removed 
from the culture medium and, when depleted of folic acid, the 
bacteria were able to synthesize it. The organisms originating 
from the blind or stagnant loop of small intestine may there- 
fore deprive the host of vitamin B,., but not of folic acid. 

Deficiency of folic acid may also result from tuberculosis, 
Crohn’s disease or lymphomata affecting the small intestine. 
Here anaemia may develop from malabsorption of iron, folic 
acid or vitamin B,., or from a combination of these, owing to 
destruction of the absorbing mechanism of the intestine. 
The main site of absorption of vitamin B,,. from the small 
intestine is probably distal to that of folic acid. 

Resection of a large segment of small intestine may result 
in malabsorption of many substances, including folic acid. 


d. Pregnancy 


Megaloblastic anaemia may be more common in pregnancy 
than is generally supposed and may be obscured by the pre- 
sence of iron deficiency. 

Megaloblastic anaemia of pregnancy is of diverse origin. 
Girdwood (1956) has listed the following conditions: 

(i) Nutritional megaloblastic anaemia complicated by 
pregnancy (the former state being due to dietary deficiency of 
folic acid, vitamin B,,. or both); (ii) megaloblastic anaemia of 
pregnancy due to unknown factors interfering with folic acid 
metabolism; (iii) a combination of these two conditions; (iv) 
pernicious anaemia occurring in a pregnant patient; (v) 
pernicious anaemia complicated by megaloblastic anaemia of 
pregnancy; (vi) idiopathic steatorrhoea complicated by 
pregnancy. 

In Great Britain the anaemia usually responds to folic acid 
therapy, but not to vitamin B,.; and most cases are probably 
due to unknown factors interfering with folic acid metabolism. 
I have not found evidence of malabsorption of folic acid. 
Thompson (1957) has claimed that dietary deficiency of folic 
acid is at least a contributory cause in Britain. The minimal 
daily requirements of folic acid are, however, unknown and, 
while many patients on grossly inadequate diets do not 
develop megaloblastic anaemia of pregnancy, this may 
develop in others in good circumstances, who eat a normal 
diet, have no complicating factors such as vomiting, diarrhoea, 
multiple pregnancy, or evidence of any other vitamin defi- 
ciency. Whatever interferes with folic acid metabolism is 
unknown, and must cease to operate soon after delivery, since 
folic acid therapy is then no longer required. The serum 
vitamin B,. level falls during normal pregnancy (Heinrich & 
Lahann, 1953; Boger, Wright, Beck & Bayne, 1956; Okuda, 
Helliger & Chow, 1956); Baker ef al. (1957) state that the 
maternal vitamin B,, blood level is low and the folic acid level 
high. Baker, Ziffer, Pasher & Sobotka (1958) claim that the 
infant’s blood levels of vitamin B,, and of folic acid are higher 
than those of the mother, and they consider that the foetus 
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draws folic acid from the maternal circulation. These findings 
may indicate a high requirement for vitamin B,, and folic acid 
by the foetus. 


e. Chronic Liver Disease 


Macrocytic anaemia is commonly found in portal cirrhosis; 
megaloblastic anaemia is not. Treatment with vitamin B,, or 
folic acid is rarely successful. Krasnow, Walsh, Zimmerman 
& Heller (1957) described seven cases of megaloblastic anaemia 
in association with cirrhosis, some of which responded to 
treatment with high-calorie diets and added vitamins, no folic 
acid or vitamin B,. being given. These patients were alcohol 
addicts and in them, as in others, it is possible that the 
anaemia was partly due to nutritional deficiency rather than 
to impaired storage of vitamin B,, or folic acid. 


f. Administration of Folic Acid Antagonists 


Occasionally megaloblastic anaemia is found in patients 
being treated for malignant disease with folic acid antagonists 
such as 4-aminopteroylglutamic acid. Extensive malignant 
disease may itself lead to folic acid depletion. I have inadver- 
tently produced severe megaloblastic anaemia with leucopenia 
and thrombocytopenia in a patient with polycythaemia vera 
by treating him with daily doses of 25 mg. of pyrimethamine 
(Daraprim) for 9 weeks. This folic acid antagonist is usually 
given as a malarial prophylactic in a dosage of 25 mg. once 
weekly. The patient recovered following cessation of therapy 
and the administration of folic acid. There was no evidence 
of any other cause for megaloblastic anaemia. 


g. Administration of Anticonvulsants 


An association between megaloblastic anaemia and anti- 
convulsant drugs was suggested by Badenoch (1954) who 
described two epileptics with unexplained megaloblastic 
anaemia. Hawkins & Meynell (1954) described a third patient 
who had been taking phenytoin sodium, and suggested that 
this was the common factor. Chalmers & Boheimer (1954) 
thought that primidone might also be a cause, and since then 
several authors, mostly in Great Britain, have described 
cases. The patients have usually received phenytoin sodium 
or primidone, frequently with phenobarbitone. One patient 
had received large amounts of amylobarbitone sodium and 
quinalbarbitone sodium (Hobson, Selwyn & Mollin, 1956). 
The serum vitamin B,, level, when investigated, has usually, 
though not always, been normal, yet vitamin B,, therapy has 
been successful in some cases. Folic acid therapy has been 
effective even when treatment with vitamin B,, has failed. 
There is a general structural similarity between folic acid, 
primidone, phenytoin and phenobarbitone (Girdwood & 
Lenman, 1956) and it may be that the drugs interfere com- 
petitively with certain metabolic processes normally mediated 
by folic acid. Hawkins & Meynell (1958), in a study of 159 
epileptics, found macrocytosis in the blood of 45% of those 
receiving both phenytoin and phenobarbitone, 27% of those 
receiving phenytoin alone, and 34% of those receiving only 
phenobarbitone. This was not associated with vitamin B,. 
deficiency, and in an initial survey the macrocytosis was not 
associated with anaemia. Six of the patients with macrocytosis 
were treated with folic acid, and the mean corpuscular volume 
decreased in each instance. Since other known factors appear 
to have been excluded, this finding suggests that phenytoin, 
primidone, phenobarbitone, and—no doubt—related drugs 
commonly cause macrocytic change in the red cells but 
rarely lead to megaloblastic anaemia. In view of the heavy 
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consumption of barbiturates in Great Britain, it is interesting 
that megaloblastic anaemia from this cause is not more 
common. 


h. Extensive Malignant Disease 

In extensive malignant disease, the output of folic acid in 
the urine after an injected test dose of 5 mg. may be low (Gird- 
wood, 1953b), but this test has only rarely proved to be of 
diagnostic value. The disease is usually obvious by the time 
the test is positive; in chronic sepsis, excretion may also be 
low, while normal output may be found in advanced leukae- 
mia or malignancy. Tumour cells may have abnormally high 
requirements for folic acid. Recently I have seen two patients 
with megaloblastic anaemia associated with acute leukaemia. 
The serum vitamin B,, level was normal in one instance and 
raised in the other. 


j. Vitamin B,, Depletion 

Where there is depletion of vitamin B,., biochemical evi- 
dence of folic acid depletion may in some instances be 
obtained. Thus in untreated pernicious anaemia the urinary 
output of an injected test dose of folic acid may be low and, 
if the patient dies without treatment, the amount of folic acid 
substances in the hepatic tissue may be less than in the normal 
person (Girdwood, 1952, 1958). In primary deficiency of 
vitamin B,., secondary depletion of folic acid appears to 
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Haemoglobin is one of the most important constituents of 
higher organisms; it carries atmospheric oxygen to the meta- 
bolizing cells and assists in the removal of carbon dioxide 
from their environment. Studies upon haemoglobin comprise 
a voluminous literature, but precise and detailed knowledge 
concerning its structure and synthesis is of comparatively 
recent date. Haemoglobin is a complex of the basic protein 
“globin” and four ferroprotoporphyrin or “‘haem” moieties. 
Haem was synthesized chemically by Hans Fischer & Zeile 
in 1929, after 15 years’ painstaking labour upon pyrrole and 
porphyrin chemistry, but the new technique of isotopic 
labelling was necessary before the simple steps could be 
revealed by which Nature brought about the same synthesis 
from some of her most ordinary materials. The mechanism 
of protein synthesis is still unknown. Haemoglobin formation 
in the artificially maintained red cell has already proved an 
informative and useful system for such studies. 

That haemoglobin contained iron was discovered by 
Lecanu in 1827, but the first accurate analyses for iron were 
reported only in 1886 by Zinoffsky, and the relationship 
between iron content and oxygen reversibly bound in oxy- 
haemoglobin was established as recently as 1912 by Peters. 

Haemoglobin was crystallized in 1840 by Hiinefeld and an 
exhaustive treatise upon crystalline haemoglobins was pub- 
lished by Reichert & Brown in 1909. Drabkin (1946) dis- 
covered the tetragonal configuration of all human haemo- 
globins crystallized by his procedure, but has recently reported 
(Drabkin, 1957) the occurrence of a unique orthorhombic 
haemoglobin X in a subject with extramedullary haemo- 
poiesis. Teichmann’s crystals of chlorohaemin were obtained 
in 1852 and haemin was synthesized chemically, as already 
stated, by Fischer & Zeile in 1929. Thudichum (1867), the 
pioneer English biochemist, produced the first porphyrin, 
“cruentine” (i.e., haematoporphyrin) from haemoglobin and 
described its fluorescence and spectral absorption. Stokes 
described the spectral change on deoxygenation of oxyhaemo- 
globin in 1864. 
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This survey is not concerned with the classical researches 
upon the physiological properties of haemoglobin carried out 
by the British schools of Barcroft, Haldane and Roughton or 
the work of Hasselbach and Henderson. The elegant work 
of the British x-ray crystallographers, leading to realistic 
three-dimensional pictures of the haemoglobin molecule with 
its four attached haems (Ingram, Gibson & Perutz, 1956) or 
myoglobin with its single haem (Kendrew, Bodo, Dintzis, 
Parrish, Wyckoff & Phillips, 1958), also falls outside the scope 
of a review on haemoglobin biosynthesis but has, nevertheless, 
assisted our understanding of it. 


1. Restoration of Haemoglobin in Experimental Anaemia 


The first notable contribution to the problem of haemo- 
globin synthesis was that of Whipple and his associates. Dogs 
were maintained on a poor basal diet consisting of bread and 
fish-paste, and sufficient blood was withdrawn each day to 
keep the haemoglobin down to a desired low level. The with- 
drawn blood was centrifuged and the plasma returned by 
vein, unless the animal was to be made deficient both in red 
cells and in plasma proteins. Once a steady state was estab- 
lished the effect of any alteration of conditions, for example 
the feeding of different protein supplements, could be 
measured in terms of the extra amount of blood it was neces- 
sary to withdraw daily to prevent the haemoglobin level from 
rising above that of the steady state. Whipple established 
that: (i) even the starving dog has a high capacity for haemo- 
globin synthesis; (ii) when animals are deficient both in 
haemoglobin and in plasma proteins, restoration of haemo- 
globin takes priority; (iii) proteins have different biological 
efficiency measured in terms of the grams of haemoglobin 
produced from 100 grams of the protein fed as a supplement 
under the experimental conditions described. Thus haemo- 
globin itself was most efficient, followed by plasma protein, 
liver protein and casein; while the vegetable proteins, fre- 
quently deficient in essential amino acids, had relatively low 
efficiencies for haemoglobin synthesis. 

Whipple also observed that when haemoglobin was intro- 
duced intravenously, its globin was retained but the haem 
was neither conserved nor re-utilized, for it was promptly con- 
verted into bile pigment and excreted (Hawkins, Sribhishaj, 
Robscheit-Robbins & Whipple, 1931; Hawkins & Johnson, 
1939). Amino acids were utilizable in place of preformed 
protein and Whipple concluded that haemoglobin, although 
its synthesis may be given priority, is built up from the 
common pool of amino acids existing in the tissues or de- 
rived from the labile protein stores of the body. In an adult 
man about eight grams is produced daily to replace the 
normal destruction of effete red cells (some three million per 
second). This represents something like 14% of the normal 
daily intake of dietary protein. The capacity for haemoglobin 
synthesis is surprisingly large. Under the stimulus of anaemia, 
as in Whipple’s experiment, the synthetic capacity of the bone- 
marrow may be increased to four or five times the normal. 
All this seemed to indicate that no specific substance is 
required for haemoglobin formation (iron and accessory 
dietary factors excluded, of course), and that the amount 
synthesized to replenish a deficiency will be governed by the 
relative requirements and supply of essential amino acids. 

This was proved by the work of Sebrell (1949) on anaemic 
rats; the limiting deficiencies observed were of histidine, 
valine, lysine, phenylalanine and leucine in descending order 











BIOSYNTHESIS OF HAEMOGLOBIN C. Rimington 


of magnitude. Numerous experiments by other workers, in 
which some amino acid appeared to exert a direct stimulus 
on haemoglobin formation, are explicable on the basis of 
“sparing action”. In-vitro synthesis of haemoglobin by 
reticulocytes is similarly dependent upon supply of the right 
amounts of the right amino acids (Borsook, Deasy, Haagen- 
Smit, Keighley & Lowy, 1952; Nizet & Robscheit-Robbins, 
1950). 


2. Synthesis of the Globin Moiety 


Whipple considered whether the globin derived from 
broken-down red cells could be re-utilized as such for fresh 
haemoglobin synthesis (cf. Cruz, Hawkins & Whipple, 1942). 
His nitrogen balance studies could not, of course, provide the 
answer. An experiment by Bale and others in 1949 (Bale, 
Yuile, DeLaVergne, Miller & Whipple) seems to show clearly 
that there is no such specific re-utilization. [e-'*C]Lysine 
was fed to a dog depleted of both haemoglobin and plasma 
proteins. The animal was thereafter given a good diet, and 
determinations of '*C in the washed cells and plasma re- 
spectively were made at intervals for the next 234 days. 
Haemoglobin was not actually isolated for determinations of 
radioactivity, but in a parallel experiment on a rat it was shown 
that the '*C of lysine, when administered under similar con- 
ditions, was confined almost exclusively to globin within the 
red cells. The experimental results showed a rapid labelling 
of plasma protein which fell again, roughly exponentially, at 
a rate indicating a turnover time of about ten days. The 
radioactivity of red-cell protein became maximal after 20 days, 
remained high for 60 days and then fell fairly sharply from the 
80th to 150th day (Bale et al. 1949). The similarity of this 
picture to that of haem labelling after feeding ['*N]glycine 
(Shemin & Rittenberg, 1946) is striking and the same con- 
clusions are permissible, namely that the protein investigated 
(assumed to be globin) is outside the general dynamic ex- 
change of body-protein constituents, has an average life of 
about 115 days and is not preferentially re-utilized for the 
formation of new erythrocytes. 


3. Time Relations of Globin and Haem Biosynthesis 


Accepting that globin and haem are both synthesized de 
novo in the maturing red cell, it is of interest to inquire whether 
these processes are simultaneous or whether globin is formed 
first and the four superficially located haem residues added 
at a later stage. Present data are conflicting. 

Using the microspectrophotometric technique, and later 
the interference microscope, applied to single cells at different 
stages of development from the bone-marrow, Thorell (1947) 
and Lagerlof, Thorell & Akerman (1956) concluded that 
globin synthesis precedes that of haem and is nearly complete 
by the time haem formation begins. They measured total 
protein but, since at least 90% of the erythrocyte is haemo- 
globin, they assumed their results to indicate globin synthesis. 

The question can also be approached by isotopic labelling. 
The methylene group of glycine contributes a carbon atom 
at eight sites in the protoporphyrin molecule; glycine is also 
incorporated into globin and can be retrieved from it after 
hydrolysis. Thus, by giving an animal [2-'*C]-labelled glycine, 
any pool of this amino acid in the erythropoietic tissues 
should be uniformly labelled within a short time and, were 
new molecules of globin and of haem to be synthesized 
simultaneously from the pool, one would expect to find a 


20 


constant ratio of eight between the radioactivity of one mole 
of haem and that of one mole of glycine isolated from the 
globin portion of the same sample of haemoglobin. Ratios 
greater or less would indicate prior synthesis of haem or of 
globin respectively. In such an experiment carried out on 
rabbits by Muir, Neuberger & Peronne (1952) the figures 
obtained 24 hours and more after the administration of the 
radioactive glycine were consistent with simultaneous syn- 
thesis of globin and of haem. At earlier intervals, a lower 
ratio suggested some priority in globin synthesis. Similar 
experiments by Kruh & Borsook (1956), using the in-vitro 
synthesis in reticulocytes under suitable conditions, and more 
particularly by Nizet (1953, 1955, 1957) who isolated the 
haemoglobin before its cleavage into globin and haem, again 
indicate simultaneity of synthesis. The discrepancy between 
such studies and those of Thorell is not easy to resolve. One 
possibility would be that in the developing erythroblast a 
protein is synthesized which is later transformed into globin. 
The work of Schweiger, Rapoport & Schdlzel (1956) is note- 
worthy here; this indicates that in rabbit reticulocytes in vitro 
haemoglobin is synthesized at the expense of stroma protein. 
Enzymes hydrolyse the latter to amino acids including glycine, 
which, by mixing with any labelled glycine in the medium, 
would constitute a new pool whence the label would pass into 
both globin and haem. In the case of dogs’ reticulocytes in 
vitro Nizet (1957) finds haem and globin production rise and 
fall together under the influence of agents stimulating or 
inhibiting the synthesis of either. It may be noted that 
Hendler (1957), studying protein synthesis by the hen oviduct 
in vitro, considers that amino acids may be first incorporated 
into a fraction appearing as “‘cell debris”” on homogenization 
and that the normal cytoplasmic proteins are formed second- 
arily from this material. Only further experiment can resolve 
the many difficulties connected with the hypothesis of a 
“*pre-globin”’. 


4. Synthesis of the Haem Moiety 


Before 1946 only guesses could be made about the way in 
which the large porphyrin ring was put together, but in that 
year Shemin & Rittenberg demonstrated that [?*N]glycine 
specifically labelled the haem of human haemoglobin, and 
they deduced a mean life of 120 days for the red cell. Sub- 
sequent discoveries have been reviewed by Falk & Rimington 
(1950), Rimington (1954), Granick (1954a), Popjak (1955), 
Shlyk (1956), Shemin (1955) and Rimington (1957a). 

The established steps in haem biosynthesis are set out in 
fig. 1, and these will now be considered one by one. 


a. Condensation of Glycine with Succinate 


The work of Shemin and his colleagues indicated that a 
four-carbon compound, derivable from acetate, furnished all 
the carbon atoms of protoporphyrin other than those derived 
from glycine. Succinate fulfilled this role (Shemin & Kumin, 
1952), participating almost certainly as the thioester of co- 
enzyme A. Succinyl-coA, they suggested, could be derived 
from the Krebs tricarboxylic acid cycle, for example from 
«-oxoglutarate, and I proposed a cycle, involving lipothiamide 
and diphosphopyridine nucleotide (DPN), in which this was 
envisaged (Rimington, 1954). In a recent paper, Brown (1958a) 
has demonstrated stimulation by lipoic acid of 8-amino- 
laevulic acid (ALA) synthesis in an in-vitro system when 
«-oxoglutarate is the substrate. The participation of pyridoxal 
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FIG. 5 


SCHEME SHOWING ESTABLISHED STEPS IN HAEM BIOSYNTHESIS 


Succinate + glycine 


8-AMINOLAEVULIC ACID (ALA) 
SYNTHETASE 


Pyridoxal-POg——_—___  ___—_—_—» 
CoA 
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phosphate in this reaction was first indicated by Schulman & 
Richert (1956) who found haemolysates from pyridoxine- 
deficient ducklings to have a lowered rate of haem syn- 
thesis from glycine and succinate but not from ALA; 
added pyridoxal phosphate was stimulatory. More highly 
refined systems have similarly been found by Laver & 
Neuberger (1957), Kikuchi, Shemin & Bachmann (1958) and 
Brown (unpublished observations) to be both pyridoxal-phos- 
phate- and CoA-dependent. Ferrous ions are also required 
by this reaction (Brown, 1958b). The function of the 
pyridoxal is almost certainly activation of the methylene 
group of glycine, a preliminary, no doubt, being the forma- 
tion of a Schiff’s base. Activation of the methylene group is 
known to follow acylation and oxazolone formation, or con- 
densation of the amino group with an aldehyde (Erlenmeyer 
& Friihstiick, 1895; Erlenmeyer, 1899). Union of succinate 
and glycine would be expected to yield «-amino-8-ketoadipic 
acid, which, being a 6-ketonic acid, would readily lose CO, 
to form ALA; this latter step may not be enzymic. Some 
evidence has been put forward for the participation of 
«-amino-8-ketoadipate in haem biosynthesis (Shemin, Russell 
& Abramsky, 1955), whilst that of ALA now rests on a firm 
basis fully supported by elegant experiments with radioactive 
substrates, by Shemin’s group. 

Shemin et al. (1955) have postulated a succinate-glycine 
cycle through which glycine is utilized not only for porphyrin 
synthesis but also for the provision of one-carbon units which 
enter into molecules such as purines, serine, methionine and 
formate. 


b. Condensation of Two Molecules of 8-Aminolaevulic Acid to 
form Porphobilinogen 

Porphobilinogen (PBG) was isolated from acute porphyria 

urine (Westall, 1952), its constitution determined (Cookson 
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& Rimington, 1953, 1954; Granick & Bogorad, 1953) and its 
conversion to porphyrins by a chick red-cell haemolysate 
demonstrated (Falk, Dresel & Rimington, 1953), before the 
discovery of the role of ALA in haem synthesis (Shemin & 
Russell, 1953). Dresel & Falk (1953) demonstrated conversion 
of ALA into PBG in their chicken red-cell haemolysate 
system. 

This remarkable condensation of two molecules of the sub- 
strate to form a substituted pyrrolic substance (see fig. 2) 
resembles the Knorr reaction for the synthesis of pyrroles and 
can, in fact, take place in vitro (Scott, 1956). In biological 
systems it is catalysed by an enzyme, “ALA dehydrase”’, 
purified and studied by Gibson, Neuberger & Scott (1954, 
1955) and also by Granick (1954b) and Schmid & Shemin 
(1955). It isan —SH-containing enzyme, but especial interest 
attaches to the recent report (Iodice, Richert & Schulman, 
1958) that it also contains copper and that dietary copper 
deficiency, known to produce anaemia, lowers its concentra- 
tion in the blood and liver. 


c. Conversion of Porphobilinogen into Uroporphyrin 


Waldenstr6ém & Vahlquist (1939) obtained uroporphyrin 
III by warming weakly acid solutions containing PBG. 
Uroporphyrin III formation from the pure substance was 
confirmed by Westall (1952) but, according to Cookson & 
Rimington (1954), other uroporphyrin isomers are formed in 
smaller quantities in this reaction. In the enzyme-catalysed 
reaction, uroporphyrin III and pseudo-uroporphyrin (as yet 
uncharacterized but belonging to the III series) are formed, 
but apparently not uroporphyrin I under normal conditions 
(Falk, Dresel, Benson & Knight, 1956). Booij & Rimington 
(1957) found, however, that preheating the enzyme system 
to 60° C. so changed its character that uroporphyrin I was 
formed, a change similar to that observed by Bogorad & 
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FIG. 2, SUMMARY OF STEPS IN THE BIOSYNTHESIS 
FROM GLYCINE + SUCCINATE (FROM THE TRI- 
CARBOXYLIC ACID CYCLE) OF PORPHOBILINO- 
GEN, THE SIMPLEST PYRROLIC SUBSTANCE 
KNOWN TO BE A PRECURSOR OF HAEM AND 
PORPHYRINS 
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Granick (1953) with enzyme preparations from the alga 
Chlorella. 

There appeared to be difficulty in visualizing the formation 
of an unsymmetrical uroporphyrin (isomer IIT) from four 
units of a single pyrrole, PBG, and the formation of tri- or 
penta-pyrrylmethane-like structures as intermediates was 
postulated (Shemin et al. 1955; Bogorad & Granick, 1953; 
Jackson & MacDonald, 1957). Consider- 
ing the reaction taking place in dilute acid 
solution, Cookson & Rimington (1954) 
presented an explanation based on theo- 
retical considerations. The essential argu- 
ment was that electrophilic attack on a 
pyrrole nucleus by a group R+ could take 
place so as to displace an «-substituent 
such as H, CH,OH or CH,NH,; there is 
no fundamental difference between the dis- 
placement of H and that of a more complex 
group. In the case of CH,OH, the cation 
formed by the addition of a proton to form- H 
aldehyde would appear (fig. 3, Schemes 
Al and A2). The acid-catalysed reaction 
in which PBG first loses ammonia and the 
resulting carbonium ion then either attacks 
another pyrrole or reacts with water is illus- 
trated in Scheme B. Now if the «-hydrogen 
atom is more easily displaced than amino- Hi 
methyl or hydroxymethyl, reactions accord- 
ing to B and AI will lead to uroporphy- 
rinogen I and, after oxidation, to uropor- 
phyrin I. If, however, the aminomethyl or 
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hydroxymethyl side-chain is displaced in preference to the 
«-hydrogen atom (A2), but the latter in preference to «-pyr- 
rylmethylene (Al), then the product will be a mixture of 
uroporphyrinogens III and IV with a small amount of II. 
Should R+ in A2 bea proton, formaldehyde and the pyrrole 
with H in both «-positions would result, giving possibilities 
for isomerization. These ideas, it will be seen, envisaged a 
mechanism of labilization or displacement of side-chains, and 
seemed to be supported by the fact that dimedone, added as 
a formaldehyde-trapping agent, inhibited porphyrin forma- 
tion. As stated above, selective displacement of either H 
atom or side-chain would determine the isomeric type of 
porphyrin produced. 

In his Weizmann Lecture, Robinson (1955) suggested a 
modified scheme in which the «-position in PBG ortho to 
CH,COOH (A) is postulated to be more reactive than that 
ortho to CH,CH,COOH (P), owing to a stereochemical effect 
of the latter. Attack would thus take place as depicted in 
fig. 4, followed by migration of the CH,NH, group and 
repetition of the process until final cyclization took place. 
Only a series III uroporphyrin could result from these 
reactions. 

More recently, Bullock, Johnson, Markham & Shaw (1958) 
have proposed a scheme based on the Hayashi rearrangement 
of substituted o-benzoylbenzoic acids (Sandin, Melby, Craw- 
ford & McGreer, 1956). The initial attack by a carbonium 
ion is similar to that already postulated by Cookson & 
Rimington (1954); in the subsequent stage the methylene 
group migrates to the 5-position of ring A rather than ring D, 
mediated possibly by formation of a tricyclic intermediate 
(fig. 5). The initial union of pyrrole rings determines the 
isomeric configuration of the resultant porphyrin (i.e., the 
5-methene bridge is that first formed) and repetition of the 
process described can only lead to uroporphyrinogen III (see 
fig. 6). If the carbonium ion is directed initially against the 
unsubstituted position of a second PBG molecule and this 
process is repeated, the final structure will be the symmetrical 
uroporphyrinogen I (see fig. 7). 

The three schemes outlined above could explain reactions 


FIG. 3. SCHEMES ILLUSTRATING PROPOSED MECHANISM OF 
PORPHYRIN FORMATION FROM PORPHOBILINOGEN 
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FIG. 4. SCHEME ILLUSTRATING PROPOSED MECHAN- 
ISM OF PORPHYRIN FORMATION FROM PORPHO- 
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taking place in the test-tube but there is no guarantee that 
enzymic formation of uroporphyrin from PBG would follow 
a similar course. Nevertheless, chemical mechanisms may 
help to elucidate those catalysed by enzymes and it is a striking 
fact, as already noted, that the red-cell haemolysate system 
normally forms uroporphyrin III from PBG;; after preheating 
to 60° C., however, only uroporphyrin I is produced. More- 
over, in the metabolic disease congenital porphyria large 
quantities of I series porphyrins are synthesized and excreted; 
haemolysates from blood from patients with congenital por- 
phyria produce in vitro much uroporphyrin I and some uro- 
porphyrin III. A closer comparison of the chemical and 
enzymic systems is therefore justified. 

Lockwood & Rimington (1957) have described the proper- 
ties of purified “‘porphobilinogenase”’, the enzyme catalysing 
the PBG ——> uroporphyrin transformation. Like the crude 


FIG. 5. SCHEME ILLUSTRATING PROPOSED MECHANISM OF 
PORPHYRIN FORMATION FROM PORPHOBILINOGEN 
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haemolysate, this produces the III series isomer normally but 
gives uroporphyrin I after heat treatment. No evidence has 
been obtained of more than one enzyme in the unheated 
purified preparation. It seems conceivable that heating may 
so alter the catalytic surface that the fine structure of the end- 
product is altered. 

Interesting differences appear to exist between the chemical 
and enzymic reactions as regards the participation of free 
formaldehyde. Shemin et al. (1955) reported that when PBG 
labelled with 14C in the aminomethyl group was either heated 
in dilute acid solution or converted enzymically into por- 
phyrins in cell-free extracts, radioactive formaldehyde could 
be isolated as the dimedone derivative. This was taken to 
indicate direct participation of formaldehyde in porphyrin 
formation by either process. The objection 
can be raised, however, that it could have 
resulted from a side-reaction not concerned 
with porphyrin synthesis. In my laboratory, 
Lockwood has performed similar experi- 
ments; he used unlabelled PBG and added 
{?*C]formaldehyde to the medium. The 
uroporphyrin III isolated after heating in 
acid solution was highly radioactive (1,000 
counts/min.), that formed enzymically was 
completely devoid of activity. Formalde- 
hyde does not, therefore, participate in the 
enzymic conversion, and the difference be- 
tween the two systems is being further 
studied. 


d. Conversion of Uroporphyrinogen III to 
Coproporphyrinogen III 

The macrocyclic structures formed from 
PBG are porphyrinogens, from which the 
porphyrins almost certainly arise by autoxi- 
dation. Uroporphyrin is only poorly, if at 
all, utilized by the chick red-cell haemoly- 
sate (Dresel & Falk, 1956; Schwartz, 1954) 
but, according to Neve, Labbe & Aldrich 
(1956) and the work of Hoare & Heath 
(1958), in my laboratory, suitably prepared 
uroporphyrinogen III is readily transformed 
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enzymically to coproporphyrinogen III. This reaction no 
doubt takes place step-wise, since small quantities of hepta-, 
hexa- and penta-carboxylic porphyrins are not infrequently 
encountered in biological materials. Additional evidence 
that the porphyrinogens but not the porphyrins lie on 
the biosynthetic pathway has been provided by Rimington 
(1957b). Little is yet known about the decarboxylase enzymes 
bringing about the uro ——> copro transformation, except that 
they seem to be rather unstable, and that in Rhodopseudo- 
monas there is convincing evidence that a dialysable, heat- 
stable co-factor is necessary (Hoare & Heath, 1958). 


e. Conversion of Coproporphyrinogen III to Protoporphyrin 


This reaction, in which two of the four propionic side- 
chains are transformed into vinyl groups, involves both de- 
carboxylation and oxidation, but whether these processes take 
place simultaneously or consecutively is not known. The 
reaction is apparently highly specific since a protoporphyrin 
of the isomeric series I has never been discovered in nature. 
Haemolysates of avian red cells form protoporphyrin readily 
from added PBG but, if isotonicity is restored following 
haemolysis, supernatants prepared by centrifugation at high 
speed carry the reaction no further than to coproporphyrin. 
Addition of liver mitochondria completes the system (Dresel, 
1955). Oxygen is also necessary. Rimington & Booij (1957) 
found that the human adult red-cell system, although unable 
to utilize glycine and acetate, readily transformed ALA or 
PBG into uro- and copro-porphyrins. Addition of rat-liver 
mitochondria resulted in protoporphyrin formation at the 
expense of these two porphyrins. The nature of the enzyme 
or system lacking in the non-nucleated cell is under investiga- 
tion, and all that can be said is that the mitochondrial par- 
ticles do not need to be intact; supernatants prepared after 
freezing and thawing are equally effective. Granick & 
Mauzerall (1958) have recently reported that a particulate 
fraction from chick red cells or Euglena contains enzymes 
converting coproporphyrinogen III to protoporphyrin by way 
of a tricarboxylic porphyrin stage. The I series isomer is not 
attacked. CoA and ATP have no effect but oxygen is required 
by the sytsem. 
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f. Incorporation of Iron into Protoporphyrin to form Haem 

In haem, iron in ferrous form is co-ordinatively held by 
protoporphyrin (see fig. 8). Such union is easily achieved by 
warming the reactants in acetic acid solution, but in the 
chicken red-cell haemolysate the process is accomplished 
enzymically (Granick, 1954c; Goldberg, Ashenbrucker, Cart- 
wright & Wintrobe, 1956). Protoporphyrin itself may be used 
as substrate or may be derived from glycine, ALA or PBG; 
of other porphyrins, only haematoporphyrin and mesopor- 
phyrin could, to a limited extent, replace protoporphyrin 
(Goldberg et al. 1956). It was not excluded that they were 
first converted to protoporphyrin, but, at least for mesopor- 
phyrin, this is extremely unlikely. 

Granick & Gilder (1946) had earlier found that the growth 
of smooth strains of the haem-requiring Haemophilus in- 
fluenzae was supported by protoporphyrin or by mesohaem, 
deuterohaem or (less readily) haematohaem; the free porphy- 
rins could not, however, replace these haems. From this it 
was argued that the vinyl groups of protoporphyrin may be 
essential for enzymic insertion of iron. This could explain why 
uro- and copro-haems are not found in the animal body. 
That meso-, deutero- and haemato-haems were not being 
converted into protohaem seemed likely because, although 
growth-supporting, they produced organisms incapable of 
reducing nitrate to nitrite; protohaem as nutrient was essential 
for this property. The porphyrins not supporting growth 
were found to inhibit competitively protoporphyrin-supported 
growth, suggesting a competition for haem apoenzymes 
between vinyl-containing and non-vinyl-containing porphy- 
rins. Competition also occurred in regard to nitrate reduction 
between protohaem and mesohaem. 

One rough Turner strain of H. influenzae exhibited anomal- 
ous behaviour. Growth was stimulated by low concentrations 
of mesoporphyrin but inhibited at higher concentrations; 
nitrate-reducing capacity was, however, entirely lacking. 
Protohaem relieved the inhibition. A reasonable explanation 
is that this organism was able to insert iron into mesopor- 
phyrin relatively slowly. At low porphyrin concentration, 
the haem would become adsorbed to the apoenzyme to func- 
tion in support of growth. At higher concentrations, so much 
mesoporphyrin would enter the cell that it would compete 
for the apoenzymes with the small amount of mesohaem 
being formed and thus bring about inhibition. It must be 
postulated that protohaem would displace the mesoporphyrin. 

According to the conception, already given, of our 
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knowledge of the steps in the biosynthesis of haem, the actual 
intermediates are uroporphyrinogen and coproporphyrinogen 
and not the corresponding porphyrins which are not utilized 
by the system. The next step involves a dehydrogenation as 
well as a decarboxylation and the question arises whether 
iron is incorporated into protoporphyrinogen or into proto- 
porphyrin. Certainly in the experiments of Granick (1954c), 
and of Goldberg et al. (1956), protoporphyrin was acceptable 
to the system but might have been reduced to the porphy- 
rinogen. Our information is still scanty. Neilands (1958), 
reviewing work done in his laboratory, suggested that in the 
case of uncatalysed coprohaem formation in vitro, it is the 
porphyrinogen which reacts with iron: “*. . . once inside 
the porphyrinogen ring, or during the process of incorpora- 
tion, the Fe** would pick up an electron and the methylene 
carbons would be oxidised to methenyl carbons’’. 

Not one but six electrons are in fact needed for the con- 
version of porphyrinogen to porphyrin. Moreover, Heikel 
(unpublished observations), working in my laboratory, finds 
that, if atmospheric reoxidation of copro- or proto-porphy- 
rinogens is excluded during incubation with iron, no haem 
results, and it is only the porphyrins and ferrous iron which 
react (pH 5-8). 

It seems likely, therefore, that at this penultimate stage in 
the biosynthesis of haem, protoporphyrin appears from the 
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reduced precursor either spontaneously or by a specific 
dehydrogenase. 

Iron is conveyed to the bone-marrow in the ferric form as 
ferritin, and Bessis & Breton-Gorius (1957) have described 
from a series of beautiful electron-microscope preparations 
how it is transferred from reticulum cells to erythroblasts by 
the process of pinocytosis. Reduction of ferritin labilizes the 
iron which then becomes available in the ferrous form 
(Mazur, Baez & Schorr, 1955; Green, Saha, Carleton & 
Mazur, 1958). 

Goldberg (unpublished observations) finds that reducing 
substances such as ascorbic acid, glutathione and ergo- 
thioneine, in concentrations which are normally present in red 
cells, increase enzymic protohaem formation in systems to 
which the iron has been added in the ferric form. Hence, all 
necessary requirements would appear to be fulfilled for 
protoporphyrin and ferrous iron to be brought together in 
the final step of haem biosynthesis. It is possibly these 
intricate interrelations which so beautifully regulate the 
process in the normally developing red cell. 
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Great advances have been made in recent years in the study of 
the detailed chemical structure and also the architecture of 
protein molecules (Sanger & Smith, 1957; Kendrew & Perutz, 
1957; Kendrew, Bodo, Dintzis, Parrish & Wyckoff, 1958). 
As a result some important biological questions arise. How is 
the structure of a normal, healthy protein determined? What 
is the relationship between the structure of an abnormal 
protein and its role in certain diseases? And again, what is the 
relationship between the structure of a protein and its physio- 
logical function? It is with the first two questions that this 
article is concerned. 

A currently held hypothesis states (Crick, 1957; Ingram, 
1958) that the structure of a normal protein is completely 
determined by the chemical structure of a Mendelian gene, 
that is to say, of a unit of heredity. A gene passes on its own 
structure unchanged from generation to generation and, as a 
result of the action of such a gene, in each generation normal 
protein molecules of identical structure are produced. That is 
the hypothesis. Just how exactly such proteins are made we 
do not as yet know and this is a subject for further research. 
We do know however, that, when a mutation occurs and when 
as a result a particular gene is changed, then an abnormal 
protein is produced. We also know that such abnormalities 
can be passed on from generation to generation through the 
agency of a gene. The direct study of the chemical relationship 
between the gene and the protein which that gene controls is 
as yet much too difficult a task. It is, however, possible to 
study chemically some inherited abnormalities of proteins. 
In particular in the case of the various abnormal human 
haemoglobins we have one of the clearest instances of inherited 
abnormalities in a protein which produce, by virtue of their 
abnormality, serious diseases (Itano, 1956, 1957; Lehmann, 
1957a, 1957b).! Some, though not all, of the abnormal human 
haemoglobins are the causes of haemolytic anaemias. By 
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studying the chemical changes which distinguish these mole- 
cules from those of normal haemoglobin, it is possible to learn 
something about the chemical effect which a mutation of a 
Mendelian gene produces and at the same time to investigate 
what it is in the protein which causes the disease, the “‘mole- 
cular disease”, as Pauling (1954) has called it. When con- 
sidering the kind of alterations which a protein molecule can 
undergo as a result of a mutation, two possibilities come to 
mind: are the differences due to changes in the amino-acid 
sequence of the polypeptide chain in the protein, or are they 
due only to changes in the folding of such a polypeptide chain 
revealing or masking some groups; or are both factors oper- 
ating? I have shown (Ingram, 1956, 1957; Hunt & Ingram, 
1958) that there are certainly changes in the amino-acid 
sequence. The second alternative has not yet been ruled out. 

Whilst the abnormal human haemoglobins form at present 
the most convenient system for studying these questions, a 
good many other examples of inherited protein “‘abnormal- 
ities” are known. For example, the haemoglobins of cattle, 
sheep and goats are each known to occur in two different 
forms (see Itano, 1957). There is no indication that either 
form is connected with a disease; similarly the 6-lactoglobulin 
of cattle (Aschaffenburg & Drewry, 1956). Various forms of 
the enzyme tyrosinase in the mould Neurospora have been 
found (Horowitz & Fling, 1956) and a similar situation exists 
concerning the enzyme tryptophan synthetase (Yanofsky, 
1956). The human haemoglobins are preferred for this work, 
because many mutant forms are known, because it is relatively 
easy to prepare the pure protein and, last but not least, the 
molecular weight of the protein is not too large. 


1. Historical 


Only a brief outline of the history of the abnormal human 
haemoglobins is given here (see Itano, 1956, 1957). Many 
investigators have been engaged in discovering and char- 
acterizing these abnormalities. 

The best known of these diseases is sickle-cell anaemia. It 
has been known for a long time that the disease occurs in two 
rather distinct forms, a mild anaemia known as sickle-cell 
trait, and the severe sickle-cell anaemia itself. It became 
apparent that this is an inherited disease, though the relation- 
ship between the two forms and their inheritance was for a 
long time obscure. In 1949 two most important advances were 
made. Neel (1949) showed that the disease is inherited in the 
manner of a single Mendelian gene, that the mild disease was 
shown by people who are heterozygous for this form of the 
haemoglobin gene, and that the severe anaemia showed itself 
in homozygotes who carried two abnormal haemoglobin 
genes. The second advance was that made by Pauling, Itano, 
Singer & Wells (1949), who showed that the haemoglobin 
of sickle-cell anaemias differs electrophoretically from the 
haemoglobin of normal subjects, indicating a chemical 
difference between the two types of molecule (fig. 1). They 
also showed that people who carry both the normal and 
abnormal human gene produce both normal and sickle-cell 
haemoglobin, a state corresponding to the sickle-cell trait. 
Conversely the sickle-cell homozygotes produce nothing but 
the abnormal sickle-cell haemoglobin. These findings showed 
the direct correspondence between mutations in a gene and 
chemical changes in the protein which that gene controls. 

In the next year Harris (1950) found that red cells contain- 
ing sickle-cell haemoglobin in the reduced state contained 





FIG. 1. DIAGRAMMATIC PAPER ELECTROPHORESIS 
OF SOME ABNORMAL HUMAN HAEMOGLOBINS 
AND OF NORMAL ADULT HAEMOGLOBIN (after 
Lehmann, 1957a, 1957b) 
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A: normal adult haemoglobin 
S: sickle-cell haemoglobin 


C, D, E: other abnormal haemoglobins 


semi-crystalline aggregates. This, together with the observa- 
tion of Perutz & Mitchison (1950) that reduced sickle-cell 
haemoglobin had an abnormally low solubility, indicated that 
the mechanism of the disease, that is to say the formation 
of sickled erythrocytes, was due to the tendency of this 
haemoglobin to crystallize. (For an illustration of sickled 
erythrocytes see Lehmann, Plate I, A in this number of the 
Bulletin.) Scheinberg, Harris & Spitzer (1954) showed that 
the electrophoretic difference between sickle-cell haemoglobin 
and normal haemoglobin disappeared at low pH, indicating 
that the charge difference between the molecules could be 
ascribed to an ionized carboxyl group. 

To summarize these chemical differences: it is known that 
the haemoglobin molecule is composed of two identical half 
molecules (Perutz, Liquori & Eirich, 1951). Since many 
studies such as amino-acid analyses (see Itano, 1957) failed to 
show any difference between these two haemoglobins, the 
alteration must be a very small one, involving probably no 
more than the disappearance of one negative charge for each 
half molecule of haemoglobin. 

Since 1951 many other abnormal human haemoglobins 
have been discovered (Itano, 1956, 1957; Lehmann, 1957a, 
1957b). Amongst the many investigators who have worked 
in this field particular mention should perhaps be made of the 
names of Itano, Lehmann, Cabannes and Thorup. The most 
commonly occurring haemoglobins, after haemoglobin S of 
sickle-cell disease, are haemoglobin C and haemoglobin E, 
both of which reach quite high frequencies in some countries. 
All the other abnormal forms are rare except in some localized 
communities. Most people might be expected to have identical 
and normal haemoglobin molecules but, in a few, minor 
variants might result from mutation. Most of these, arising as 
mutants, would be expected to occur only rarely; a few, how- 
ever, that are favoured by natural selection (see Itano, 1957), 
would be expected to reach quite high frequencies. In this last 
class are the haemoglobins S, C and E.? 


* See Lehmann, p. 40 of this number of the Bulletin. —Eb. 
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2. Chemistry of Human Haemoglobin 


The work of Perutz and his collaborators (see Kendrew & 
Perutz, 1957) has shown that the molecule of horse haemo- 
globin is an ellipsoid of the following dimensions: 55 x 55 xX 
70 A. Human haemoglobin is thought to have a rather similar 
shape. The latest estimate of the molecular weight of human 
haemoglobin is 66,700 (see Itano, 1957); this includes the four 
haem groups, each with one iron atom at its centre. The haem 
groups combine reversibly with oxygen and are the physio- 
logically active parts of the molecule. x-Ray crystallographic 
studies have shown that the molecule is composed of two 
equal parts; therefore, if we can localize a chemical altera- 
tion in one half of the molecule, it is likely to be duplicated 
exactly in the other half. In each half molecule there are 
two different peptide chains (Rhinesmith, Schroeder & 
Pauling, 1957) which are called the « chain and the 8 chain. 
In the whole molecule there are therefore two « chains and 
two @ chains coiled up in some definite, but as yet unknown, 
manner. 

In the half molecule there are approximately 300 amino 
acids amongst which we must search for the chemical differ- 
ence between a normal and an abnormal haemoglobin mole- 
cule. Since this difference may involve only one charged group 
and therefore only one out of 300 amino acids, it is necessary 
to break down the molecule into small pieces, called peptides, 
and to examine the mixture of peptides which results. 


3. **Finger-Printing’’ of the Haemoglobins 
a. Sickle-Cell Haemoglobin 


Both the breakdown of the haemoglobin molecule which 
was suggested in the previous section and the examination of 
the fragments which result (Ingram, 1956, 1957) are carried 
out by methods that have now become classical—for example, 
through the studies of Sanger on insulin (see Sanger & Smith, 
1957). The initial degradation of the haemoglobin molecule 
is brought about by the action of the intestinal proteolytic 
enzyime, trypsin. However, trypsin does not act on a protein 
in its native state. Before the digestion it is necessary to de- 
nature the protein, here accomplished through the action of 
heat. Trypsin rapidly digests the heat-treated haemoglobin, 
splitting the peptide chains at the points where the amino 
acids lysine and arginine occur, and nowhere else. Since there 
are approximately 26 molecules of lysine and arginine in each 
half molecule of haemoglobin the resultant mixture of pep- 
tides contains approximately 28 fragments. The mixture of 
peptides obtained from the digestion of normal haemoglobin 
has now to be compared with a mixture from sickle-cell 
haemoglobin. 

Separation of these peptides was achieved by a combination 
of filter-paper electrophoresis and chromatography on the 
same piece of paper. For this purpose the mixture of peptides 
was applied as a spot to some moist filter-paper held in a 


glass sandwich. The application of a strong electric field ~ 
separated these peptides in the direction of the field. The © 
moist filter-paper was next dried and paper chromatography © 
at right angles to the original electric field distributed the © 
peptide fragments all over the paper. Each fragment was ~ 
localized by reaction with ninhydrin and the result was a map ~ 


in which each peptide occupied a characteristic position. Such 
maps, or finger-prints as they are now called, have been 
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| These are composite tracings of actual finger-prints obtained by paper electrophoresis 
at pH 6.4 followed by paper chromatography in butanol acetic acid. The positions of 
the peptides which characterize the changes in haemoglobins Dx, Dg and | are indicated 
by arrows, for the sake of clarity. Numbers 1-26 represent individual peptides. 
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‘Fic. 2. SUMMARY OF PEPTIDE CHANGES IN SOME ABNORMAL 


HUMAN HAEMOGLOBINS 


Chromatography —— > 


Haemoglobin A 


prepared from normal haemoglobin and sickle-cell haemo- 


' globin (fig. 2). All the peptides occupy the same position and 
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therefore probably have the same chemical structure in the 
two cases, with the exception of a single peptide. This, the 
number 4 peptide, occupies a new and different position in the 
sickle-cell haemoglobin finger-print, indicating that it carries 


| a difference in chemical constitution. The new position of 


this peptide is in part due to an alteration in the number of 
electric charges which this peptide carries. This finding agrees 
well with the known electrophoretic behaviour of the parent 
protein. 

A considerable portion of the protein molecule is not 
digested by trypsin. This “core” had to be digested with 
another enzyme, chymotrypsin, to yield a mixture of peptides 
characteristic of that core. Examination of these peptides by 
finger-printing showed the cores of normal and sickle-cell 
haemoglobin to be very similar; so did the detailed examin- 
ation of all the peptides of the original trypsin finger-prints. 
It was clear that the only chemical difference between the two 
kinds of haemoglobin molecule resided in the two different 
number 4 peptides. Therefore, the next step was the deter- 
mination of the chemical structure of these two peptides. 

These number 4 peptides were examined by the methods of 
partial acid hydrolysis and end-group determination of the 
fragments, using already well-known procedures. As a result 
both the normal and the sickle-cell number 4 peptide were 
found to contain a chain of nine amino acids. These were 
identical in the two cases but for the seventh amino acid. A 
glutamic acid residue which occurred in the normal peptide 
had been replaced by valine; that is to say, a negatively 
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charged group had been replaced by a 
neutral group, thus explaining the difference 
in electric charge and the difference in 
electrophoretic mobility of the parent pro- 
tein. This substitution of only one of 300 
amino acids appears to be the only struc- 
tural alteration caused by the mutation of 
this haemoglobin gene (fig. 3). Whether or 
not the change induces also an alteration 
in the folding of the polypeptide chains has 
not yet been determined. 

These findings do not in themselves ex- 
plain the abnormally low solubility of the 
reduced sickle-cell haemoglobin. However, 
it is likely that the solubility of a protein 
depends upon the distribution of positive 
and negative charges on its surface, and to 
disturb this pattern, as has happened in 
sickle-cell haemoglobin through the re- 
moval of glutamic acid, is quite likely to 
result in a change of solubility. We may 
deduce that the glutamic acid which is 
affected by this mutation occupies a key 
position in the three-dimensional structure 
of the protein. 


b. Haemoglobin C 

This abnormal haemoglobin is also of 
interest because it occurs with high fre- 
quency and also because there is some 
genetic evidence that the two mutations— 
haemoglobins S and C—occur in the same 
locus of the haemoglobin gene or at closely 
linked loci (see Neel, 1956; Zuelzer, Neel & Robinson, 
1956). 

Samples of pure haemoglobin C were subjected to the same 
method of trypsin and chymotrypsin digestion, followed by 
finger-printing of the peptide mixtures obtained (Hunt & 
Ingram, 1958). It was most interesting to discover that the 
same number 4 peptide which had changed in sickle-cell 
haemoglobin had changed also in haemoglobin C. It gave 
rise this time not to one new peptide but to two new ones 
(fig. 2). The reason for this became immediately apparent 
when structural determinations of the two new peptides 
showed that once again the same glutamic acid of normal 
haemoglobin had been replaced, but this time by the amino 
acid lysine. Since trypsin splits peptide chains wherever 
lysine occurs, this new lysine offered a new point of attack to 
trypsin (fig. 3). The new split caused the number 4 peptide 
to appear as two pieces. A change from glutamic acid to 
lysine involves a difference of two units of electric charge, 
twice as much as in the case of sickle-cell haemoglobin. This 
is in good agreement with the fact that haemoglobin C shows 
an electrophoretic difference which is roughly twice as great 
as that of sickle-cell haemoglobin (fig. 1) (see Lehmann, 
1957a, 1957b). 

The amino-acid substitutions of these two abnormal 
haemoglobins which appear to be the only chemical changes 
detectable in these molecules illustrate very well the fine action 
of gene mutations. These findings also reinforce the genetic 
evidence that the two mutations occur in similar places on the 
gene, since they affect the same amino acid. It is clear how 
profoundly the physical and physiological properties of a 
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illustrate the range of chemical alterations FIG. 4. 
caused by mutations, and on the other 
hand to find the chemical basis for these 
disorders. In particular haemoglobin D, 
one of the rare haemoglobins, has shown 
that it too carries peptide changes (Benzer 
& Ingram, unpublished). Although differ- 
ent samples of haemoglobin D have similar 
electrophoretic behaviour, yet it appeared 
in two different samples (called D, and Dg) 
from different individuals that two different 
peptides show chemical changes. This 
shows clearly, as had been suspected be- 
fore, that characterization of the abnormal 
haemoglobins by electrophoresis alone is 
not sufficient. Figure 2 illustrates the 


including also haemoglobin I, another rare 
haemoglobin (Ingram & Murayama, un- 
published). 
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The upper line represents schematically the long-chain molecules of deoxyribonucleic 
acid (DNA). A portion of this is believed to represent a gene. The two genes shown may 
or may not be part of the same chromosome. 


The lower line represents the polypeptide chains of haemoglobin. 


4. Separation of the Haemoglobin Chains 


It was mentioned earlier that there are 
two different polypeptide chains in the 
haemoglobin molecule, an « chain and a 
8 chain (Rhinesmith et al. 1957). It is of 
interest to determine which of these two 
chains carries the various amino-acid 
changes described above. The presence of 
two such chains tempts one to postulate that there is not 
one haemoglobin gene but two, each responsible for making 
one of the haemoglobin polypeptide chains. That this might 
be so has been postulated earlier by Neel (see Schwartz, Spaet, 
Zuelzer, Neel, Robinson & Kaufman, 1957) on the basis of 
his study of a family in which both sickle-cell haemoglobin 
and haemoglobin G (Neel) appeared. 

It was possible to separate one of the haemoglobin chains 
by electrophoresis in the presence of a detergent (Ingram, 
unpublished). Finger-printing of this fraction showed that 
roughly half of the original peptide fragments were present. 
By inference the other peptides must belong to the second 
chain. Since it is known which haemoglobin peptides are 
defective in the various abnormal haemoglobins mentioned 
in this article, we can assign them to one or other polypeptide 
chain. Haemoglobins Dg and E change in the same peptide, 
number 26, though not necessarily in the same amino acid. 
Haemoglobins S (sickle-cell) and C change in the same amino 
acid of peptide 4. It is found that the haemoglobin S and C 
mutations and the haemoglobin Dg and E mutations occur on 
one provisionally identified as the « chain. This is in agree- 
ment with the postulate of Aksoy & Lehmann (1957) that the 
S and E mutations are linked. By contrast the other chain 
carries the mutational alteration characteristic of haemoglo- 
bins D, and I, which again are contained in the same peptide 
fragment—peptide number 23. 


5. Conclusion 


These findings enable us to build up a tentative picture 
(fig. 4) of the way in which the structure of both normal and 
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The arrows indicate that the various amino-acid changes occur in a particular chain. 
S and C are sited on the same amino acid, E and Dg occur in the same small fragment. 
In another small fragment are found the changes for Dg and |. Whilst these amino-acid 
substitutions can be assigned to one or other chain, their positions on the chains are 
not yet known. The placing of mutations on the gene is meant to illustrate the hypothesis 
of the relationship between gene and protein. 


The haemoglobin G referred to is that of Neel (1956). 


abnormal haemoglobin molecules is determined (see also 
Crick, 1957; Ingram, 1958). Two genes appear to be involved 
which may or may not be on the same chromosome. The 
chemical structure of each of these genes is thought to deter- 
mine the amino-acid sequence of the corresponding poly- 
peptide chain. On the basis of this picture any chemical 
alteration of the gene—a mutation—would result in a chemical 
change of the polypeptide chain and therefore of the protein 
molecule. The fact that definite amino-acid substitutions in 
one or other haemoglobin chain have been found to be 
the result of such gene mutations supports the hypothesis 
strongly. 

Many gene mutations are theoretically possible; each one 
would induce a chemical change in the protein molecule, in 
this case haemoglobin. Such chemical changes may or may 
not be manifested by clinical effects. Some which occur in 
less important parts of the molecule, and particularly those 
involving uncharged groups, would never be noticed clini- 
cally. Many others might well turn out to be lethal and would 
not be observable for that reason. In looking at the abnormal 
human haemoglobins we must realize that we are looking at a 
highly selected group of mutations; selected, that is to say, 
both for their clinical effects and for their electrophoretic 
behaviour. They do not therefore form a truly representative 
sample to illustrate the chemical effect of gene mutations nor 
do they give any indication that such mutations may occur. 
Nevertheless their study has given valuable insight into the 
action of a gene and in particular into the fine control exer- 
cised by a gene. In addition, these experiments mark a 
beginning in the study of certain diseases on the molecular 
level. 
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It has long been known that the haemoglobin in foetal and 
cord blood is more resistant to denaturation by alkali than is 
that in adult blood, which is rapidly converted to a brown 
solution containing alkaline haematin and denatured globin 
(Korber, 1866). The existence of distinct adult (Hb-A)! and 
foetal forms of haemoglobin (Hb-F) is not confined to the 
human species, but on the whole the distinction in man 
remains the most exhaustively studied, and receives impetus 
from both the physiological and pathological implications. 
From the point of view of the protein chemist, the special 
properties of this conjugated haemoprotein render the 
characteriZation of the variants a fascinating exercise. 

Adult and foetal human haemoglobins differ with varying 
degrees of subtlety in most properties, the basis of the differ- 
ences lying in the globin, not the haem part of the molecule. 





? There is no agreed international system of terminology of the hereditary haemo- 
globinopathies with haemoglobin variants, and the terminology used in this paper 
Is in accordance with the recommendations of a working party of the Colonial 
Medical Research Committee (Brit. med. J. 1957, 1, 1235).—Eb. 
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Lecks & Wolman (1950) and others (Kendrew, 1949; Jope & 
O’Brien, 1949; White, 1954; White & Beaven, 1954; Itano, 
1957; Huisman, 1958) have discussed these differences, which 
are given below. 


1. General Differences between Adult and Foetal Human 
Haemoglobins 


a. Molecular Weight 


Mammalian haemoglobins have a molecular weight of 
68,000, with four haem groups/molecule, but split into half- 
molecules in concentrated urea (Burk & Greenberg, 1930). 
Hb-F appears to be essentially similar (Taylor & Swarm, 
1949), although there has been some doubt as to whether it 
dissociates more readily into half-molecules (Andersch, Wilson 
& Menten, 1944; McCarthy & Popjak, 1947; Gutfreund, 
1948). 


b. Crystallography 


Distinct crystal forms for Hb-A and Hb-F are well estab- 
lished (Perrier & Janelli, 1931; Haurowitz, 1935). Jope & 
O’Brien (1949) obtained isomorphous orthorhombic adult 
oxyhaemoglobin, carboxyhaemoglobin and methaemoglobin, 
whilst the foetal derivatives were also isomorphous but pro- 
bably monoclinic. The reduced haemoglobins were distinct 
crystallographically (Jope & O’Brien, 1949) and by x-ray 
diffraction (Kendrew, 1949). 

x-Ray diffraction studies on foetal and adult haemoglobins 
show profound molecular differences in the sheep (Kendrew 
& Perutz, 1948; Bragg & Perutz, 1952a, 1952b) and in man 
(Zinsser & Tang, 1951). 


c. Solubility 

The careful studies of Jope & O’Brien (1949) reveal the 
differences between solubility behaviour of adult and foetal 
forms of the oxyhaemoglobin, carboxyhaemoglobin and 
methaemoglobin derivatives, and the reduced haemoglobins 
respectively. The reduced haemoglobins are far less soluble 
than the other derivatives for both adult and foetal pig- 
ments, but the foetal reduced pigment is more soluble than 
the adult. Itano (1953) found that standard preparations 
containing foetal haemoglobin from new-born infants, or 
from patients with thalassaemia major, were more soluble in 
strong phosphate buffer than adult haemoglobin. Karvonen 
(1949) found that the solubility of mixtures of adult and foetal 
sheep haemoglobins was more than additive, but subject to 
rather complex physical effects; abrupt reduction in solubility 
occurred when the protein concentration was increased beyond 
the onset of crystallization. 

The differentiation of Hb-F and Hb-A by a salting-out 
procedure has been studied particularly by French workers, 
who claim to recognize several subfractions of both haemo- 
globins by this variable-solvent method (Roche & Derrien, 
1953). 


d. Amino-Acid Composition 


Recent techniques for the analysis of the amino-acid com- 
position of proteins revealed significant differences in Hb-A 
and Hb-F. Using the 1:2:4-fluorodinitrobenzene reagent, 
Porter & Sanger (1948) found five terminal valine residues 
and 43 free lysine e-amino groups in Hb-A, but 2.6 and 47 
respectively in Hb-F. The number of terminal valine residues / 
foetal molecule is two, if allowance is made for the probable 
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presence of some Hb-A in the foetal blood analysed (Huisman 
& Drinkwaard, 1955). 

Small differences affect the distribution of several amino 
acids, and isoleucine particularly is raised in Hb-F as com- 
pared with the very low value for Hb-A (van der Linden, 1949; 
Dustin, Shapiro, Dreyfus & Hestermans-Medard, 1954; van 
der Schaaf & Huisman, 1955; Rossi-Fanelli, Cavallini, de 
Marco & Trasatti, 1955; Stein, Kunkel, Cole, Spackman & 
Moore, 1957). The sulphydryl groups of Hb-F are apparently 
fewer than in adult, sickle-cell or C haemoglobins (Hommes, 
Santema-Drinkwaard & Huisman, 1956), though Allison & 
Cecil (1958) have recently found six thiols in denatured Hb-A, 
two being reactive in the native protein. According to 
Murayama (1958), the six amperometrically-titrable groups 
of Hb-F are arranged in three pairs of mercapto groups. 


e. Immunological Specificity 

The principal recent immunological studies on human Hb-A 
and Hb-F are those with chicken antisera (Goodman & 
Campbell, 1953), rabbit antisera (Chernoff, 1953a, 1953b; 
Aksoy, 1955) and rabbit antisera to foetal red cells (Ikin, 
Lehmann & Mourant, 1953). Using guinea-pig antisera, 
Diacono & Castay (1955) distinguished antibodies to stroma 
and haemoglobin of human red cells, but could not distinguish 
Hb-A and Hb-F. 


f. Monomolecular Films 


Brinkman & Jonxis (1935, 1936) studied the spreading of 
Hb-A and Hb-F on the surface of water or dilute salt solutions, 
and found that the latter spreads more slowly and achieves 
maximum area at a lower pH. 


g. Oxygen-Dissociation Curve 


The dissociation curve for foetal whole blood lies to the 
left of that for normal women, in the direction of higher affi- 
nity and “loading capacity” but lower “unloading capacity”’. 
Although differences in ionic environment, red-cell permea- 
bility and blood pH complicate the picture (Allen, Wyman & 
Smith, 1953), the behaviour of foetal cells may also result 
from the presence of the different haemoglobin (see Barcroft, 
1946; Wyman, 1947; McCarthy, 1954). 


h. Oxidation to Methaemoglobin 


The normal adult red cell contains only traces of methaemo- 
globin or other pigment without oxygen-carrying power 
(Ramsay, 1949). It is well provided with glycolytic reducing 
enzyme systems (Barcroft, Gibson & Harrison, 1949) which 
may be less active in the young suckling infant, with conse- 
quent increase in methaemoglobin (Kiinzer & Savelsberg, 
1951). Nitrites readily cause methaemoglobinaemia in infants, 
and this may be due to the readier oxidation of Hb-F than 
Hb-A (Lecks, 1950; Betke, 1953). 


j. Comparative Biochemistry 


Distinct adult and foetal forms of haemoglobin are pro- 
bably wide spread. The solubility of bovine foetal carboxy- 
haemoglobin is much greater than that of the adult (Wyman, 
Rafferty & Ingalls, 1944). However, particular properties 
such as the behaviour towards alkali-denaturation in man do 
not necessarily apply to other species in the same form 
(Jonxis, 1949). The unique ultra-violet spectrographic feature 
of human Hb-F has been found in cord blood of a variety of 
rhesus monkey (G. H. Beaven, unpublished observations) but 
not in foetal sheep or rat haemoglobin (Jope, 1949). 
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Using techniques of electrophoresis, chromatography and 
alkali-denaturation, van der Helm, Visser, van Vliet & 
Huisman (1958) have recently distinguished adult and foetal 
forms in sheep and goat, and believe that the foetal goat 
haemoglobin may consist of two components. 


2. Quantitative Estimation of Human Hb-F 
a. Alkali-Denaturation Methods 


Since its introduction by Brinkman & Jonxis (1935, 1936) 
the method using the rate of alkali-denaturation has been 
widely used, though not to the same extent as the more recent 
“‘one-minute residue” method of Singer (for references see 
White & Beaven, 1954; Itano, Bergren & Sturgeon, 1956). 
Jonxis & Huisman (1956) compared the two methods, and 
concluded that, at high levels of Hb-F, the one-minute values 
of Singer’s method are too low, while the denaturation-rate 
method is inaccurate below 10% Hb-F. 

The conversion of HbO, into alkaline haematin is accom- 
panied by a change of colour from red to brown, which can 
readily be followed spectrophotometrically or colorimetrically 
at wavelengths appropriate to either oxyhaemoglobin or the 
product. Over a certain pH range, and with controlled 
alkali: protein ratio, the reaction is kinetically first-order so 
that a plot of log (unchanged oxyhaemoglobin) v time is linear, 
with slope proportional to the first-order reaction constant 
(K,). The time for half-reaction, i.e., 50° conversion, is also 
simply related to K,. Either K, or half-reaction time can thus 
be used to characterize the reaction. At 20° C. and pH 12.8 
(N/25 alkali) the values of half-reaction time for Hb-A and 
Hb-F are ca 11 and 1,030 seconds respectively, corresponding 
to K, values of 0.063 and 0.00067 sec.—! respectively. It can 
easily be shown from these figures that the one-minute reaction 
time used in the Singer residue method corresponds to ca 99% 
conversion of Hb-A and to less than 4% conversion of Hb-F 
into alkaline haematin. 

When both Hb-A and Hb-F are present the plot of log (un- 
changed oxyhaemoglobin) vy time is not entirely linear; the 
initial section of high slope corresponding to the conversion 
of the Hb-A component changes smoothly into a final essen- 
tially linear section corresponding to the slower reaction of 
the Hb-F. This linear portion can be extrapolated to zero 
time to give the proportion of Hb-F in the sample (fig. 1) with 
reasonable precision. In practice the method is reliable down 
to ca 10% Hb-F; below this level the observations required to 
establish the linear part of the plot involve measurements of 
small changes in absorbance over long periods of time and 
may be subject to instrumental and other errors. 

Singer, Chernoff & Singer (1951) allowed an alkaline solu- 
tion of oxyhaemoglobin of specified concentration and pH to 
react for exactly one minute at room temperature; the reaction 
mixture was then neutralized, the denaturation product (alka- 
line haematin) precipitated, and the proportion of unchanged 
oxyhaemoglobin remaining in solution estimated and reported 
as Hb-F. They found normal adult bloods invariably gave 
one-minute residues in the range 0.5-1.7% and therefore 
recommended that values below 2.0% should not be regarded 
as certain evidence for the presence of Hb-F. This proviso 
has not always been applied by users of the Singer one-minute 
residue method and in consequence many interesting reports 
of the occurrence of Hb-F below the 5% level are not entirely 
reliable. At levels above 10% Hb-F, Singer one-minute residue 
figures are much more reliable (see above). 


FIG. 
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FIG. 1. PLOTS OF ALKALI-DENATURATION RATE IN with Cooley’s anaemia. Although it can be carried out on 
SAMPLES OF OXYHAEMOGLOBIN 


readily available equipment, high experimental precision is 
required to obtain reliable results, and the errors appear to be 
most serious with low proportions of Hb-F (Beaven, Ellis & 
White, unpublished work). 
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c. Combined Residue and Spectrographic Method 


In order to extend the sensitivity of the spectrographic 
method below the 10% Hb-F level, Beaven, Ellis & White 
(1956) have applied it to alkali-denaturation residues, as 
obtained in the Singer method, but with a reaction time of 
} minute and 2.5% oxyhaemoglobin concentration. By com- 
bining these two procedures, Hb-F may be estimated down to 
the 1% level and traces detected down to about 0.5%. In 
addition, a correction for chemical damage to the haemo- 
globin in the residue may be applied in the form of a protein: 
haem ratio, obtained by absorbance measurements at selected 
wavelengths. This correction was introduced after Singer 
one-minute residues from normal adult blood were found to 
have abnormal protein: haem ratios (2 or higher) due to loss 
of haem. Residues from bloods containing more than 10% 
Hb-F have protein:haem ratios much nearer unity, and the 
correction rapidly becomes smaller as the level of Hb-F rises 
above this limit. The combined residue and spectrographic 
method has been found to be of great value in studies of the 
survival of Hb-F in early infancy, and of its occurrence with 


0.5 





. . ” 1S other haemoglobin variants in the genetically determined 
Abscissae: time (min.) haemoglobinopathies. Apart from the high levels of Hb-F 
: Ordinates: residual oxyhaemoglobin (%) encountered in Cooley’s anaemia (thalassaemia major), such 
A: normal adult studies require a method suitable for Hb-F levels in the range 
B: infant, aged 44 months, with sickle-cell/Hb-C disease; 21% Hb-F 1-20%. 


C: cord blood; 76% Hb-F 
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FIG. 2. SPECTROSCOPIC DIFFERENCE BETWEEN 
| b. Spectrographic Methods HUMAN ADULT AND FOETAL HAEMOGLOBINS 

These are based on the observation by Jope (1949) that the 
tryptophan fine-structure band in the globin absorption band 
of haemoglobin (fig. 2) occurs at a shorter wavelength 
(289.8 my) in cord blood (ca 80° Hb-F) than in adult blood 
(291.0 my). For the location of the fine-structure band, which 
in Hb-A is only an unresolved inflexion (fig. 2), Jope used the 
specialized but convenient method of Holiday (1937), in which 
the photographic plate of a quartz spectrograph is moved by 
a logarithmic cam to give a relative exposure ratio of 1:100. 
The resulting spectrogram is particularly well suited for the 
detection and location of fine-structure features which do not 
show up well on conventional plots of absorption spectra 
(Holiday, 1950). Jope’s observation was extended by Beaven, 
Hoch & Holiday (1951) to the analysis of mixtures of Hb-F 
) and Hb-A and shown to be accurate to + 5-10% over the 
range 10-90% Hb-F, but insensitive below the 10% level. In 
this form the method has been applied to the estimation of 
Hb-F in a wide variety of blood samples (Beaven & White, 
1953; White & Beaven, 1954). It was used by Liquori (1951) 


Le, Me A i | 








to demonstrate the presence of Hb-F in the blood of patients — 0 6280 «(300 290 
with Cooley’s anaemia (severe thalassaemia). Abscissae: wavelength (mi) 
A variant of the method applicable to commercial photo- Ordinates: absorbance 
electric spectrophotometers was devised by Rich (1952) who A: absorption spectrum of adult carboxyhaemoglobin (globin 


absorption band) over wavelength range 240-300 my. 


B: part of globin absorption band in 290 mu region at high absorb- 
ance, showing tryptophan inflexion in adult carboxyhaemoglobin 


used the absorbance increment over the wavelength range 
288.0-289.0 my to characterize the slope of the absorption 
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— in the region of the tryptophan band, after normaliza- C: as for B, but foetal carboxyhaemoglobin at high absorbance, 
tion to a standard absorbance value at 290.0 mu. The method showing resolved tryptophan fine-structure band. (100% Hb-F 
was used by Rich to estimate Hb-F in the blood of patients prepared by controlled alkali treatment of cord blood.) 
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3. Physico-Chemical Methods for Detection of Hb-F 


a. Boundary Electrophoresis 


Although a number of investigations on mixtures of Hb-A 
and Hb-F have been carried out in the Tiselius apparatus, it 
is widely agreed that the separation of the two is very difficult, 
the mobilities being very close. Andersch et al. (1944) ob- 
tained some separation in 0.2 M-phosphate at pH 7.1, and 
could detect the small proportion of Hb-F surviving in the 
infant at 90 days post partum. 

Beaven et al. (1951) made use of the accentuation of boun- 
dary anomalies at low ionic strength (Hoch, 1950) for demon- 
Strating a minor proportion of Hb-A in foetal bloods, and by 
a differential method (Hoch, 1949) showed that the anodic 
mobility of Hb-A was greater than that of Hb-F at both pH 
7.1 and 8.0. Rich (1952) and Zinsser (1952) have obtained 
similar results, but Huisman & Prins (1955) and particularly 
Waris (1954) have emphasized the difficulties of unequivocal 
separation of Hb-A and Hb-F. Skinner (1957) has found that 
sharpening of the boundary does not occur in the ascending 
boundary for mixtures of Hb-A and Hb-F in phosphate buffer 
at pH 6.4, J = 0.05. 


b. Paper Electrophoresis 


Although paper electrophoresis is extremely widely used in 
the identification of human haemoglobin variants, its applica- 
tion to unequivocal identification of Hb-F is limited. Spaet 
(1953) readily separated S and C haemoglobins from A by the 
method of Durrum (1950), but not F; Motulsky, Paul & 
Durrum (1954) obtained limited separation after 7-16 hours. 
Smith & Conley (1953), Larson & Ranney (1953) and Bergren, 
Sturgeon & Itano (1954) report very limited separation of 
Hb-F from Hb-A between glass plates. 

In general, mixtures rich in Hb-F as compared with Hb-A 
(e.g., cord blood; thalassaemia major) have a slightly lower 
anodic mobility at pH 8-9 as compared with Hb-A. When 
Hb-F occurs in admixture with abnormal haemoglobins of 
higher isoelectric points, the distinction is easier (i.e., F and S 
in thalassaemia/sickle-cell disease, F and E or C in thalass- 
aemia/E or C disease). This is illustrated by paper electro- 
phoresis on free, horizontal strips (White, Beaven & Ellis, 
1956) in Plate II, B, facing p. 47. 

Starch-slab electrophoresis (Kunkel, Ceppellini, Muller- 
Eberhard & Wolf, 1957) reveals that there is a virtual absence 
at birth of the A, minor component which characterizes the 
haemoglobin of the normal adult (Kunkel & Wallenius, 1955). 
Owen & Got (1957) obtained a rather good separation of 
Hb-A and Hb-F by using starch-gel electrophoresis. 


c. Column Chromatography 

The work of Boardman & Partridge (1955) on separation 
of pairs of animal carboxyhaemoglobins on Amberlite IRC-50 
cationic exchange resin was extended by Prins & Huisman 
(1955, 1956) to human haemoglobins. Hb-F could be separ- 
ated by elution in the first fractions at variable concentrations 
of sodium ions, or the haemoglobins separated as zones in a 
flat cuvette which could subsequently be photographed and 
a densitometric tracing prepared from the negative (Huisman 
& Prins, 1955). In mixtures of haemoglobins A and F, Hb-F 
could be detected down to 12%, with recovery of 87-100% 
of the total haemoglobin. In this procedure, the alkali-resistant 


* See also Partridge, Brit. med. Bull. 1954, 10, 241.—Eb. 
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haemoglobins in thalassaemia behaved like Hb-F (Huisman, 
Prins & van der Schaaf, 1956). 

Fractionation of Hb-A into major and minor components 
may be obtained by column chromatography (Morrison & 
Cook, 1955). These authors (Morrison & Cook, 1957) have 
distinguished small amounts of Hb-F from the minor com- 
ponent of Hb-A which is present in increased quantities in 
thalassaemia minor. 

Beaven & Gratzer (unpublished observations) have recently 
found that the carefully defined conditions of Boardman & 
Partridge (1955) do not appear to be adequate for complete 
separation of human Hb-A and Hb-F. Variation between 
batches of Amberlite IRC-50 resin also presents difficulties, 
and the initial conditioning is important in achieving good 
separations. Vella & Lugg (1957) also report difficulty in 
repeating the work of Huisman and Prins. 


d. Electrochromatography 


Robinson, Robson, Harrison & Zuelzer (1957) have used 
a 1% agar gel in pH 6.2 citrate buffer as medium for the 
electrochromatographic separation of Hb-F from Hb-A 
and the common abnormal haemoglobins. The usual order 
on paper electrophoresis is modified by the chromato- 
graphic element in the separation, and Hb-F runs well ahead 
of other haemoglobins towards the cathode in the order 
F>A(=D)>S>C. 

This potential ability of the method to detect traces of 
Hb-F in such conditions as thalassaemia trait is likely to be of 
great practical value. 


4. Physiology of Foetal Haemoglobin 


a. Intra-Uterine Life 


The process of haemopoiesis passes through a number of 
morphologically distinct phases during intra-uterine life. 
Although the mesenchyme generally, and the liver in mid- 
foetal life, form the main sites of red-cell production, the bone- 
marrow becomes active from the fifth month of gestation and 
is the exclusive site from two to three weeks after birth 
(Gilmour, 1941). 

It is difficult to correlate the morphological sites of haemo- 
poiesis with the formation of the haemoglobin type. Even in 
the 20-week foetus, Beaven et al. (1951) found evidence for a 
nominal 6% of Hb-A accompanying the Hb-F, and at birth 
the range of Hb-A is 20 + 10%. Walker & Turnbull (1955) 
detected by alkali-denaturation the first appearance of Hb-A 
in the human foetus at 13 weeks, rising to 10% by 22 weeks, 
and rising after 35 weeks to a mean of 30% at 42 weeks, with 
a wide range of variation. The rise in Hb-A accompanied 
growth and maturation of the foetus under conditions of 
optimal oxygenation, but anoxia appeared to cause continued 
preferential production of Hb-F. These authors further con- 
sidered that the Hb-F was contained in a separate population 
of foetal cells from those containing Hb-A, the properties of 
the Hb-F in the cellular context being favourable to the 
oxygen requirements of the foetus (Walker, 1957). 

A number of workers have suggested that, in early foetal 
life, Hb-F may be accompanied or preceded by a distinct 
primitive or embryonal type of haemoglobin (Drescher & 
Kunzer, 1954; Allison, 1955; Halbrecht & Klibanski, 1956), 
but their possible relationship requires further classification 
and characterization of the primitive type. 
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b. Infancy and Childhood 


Beaven et al. (1951) found no more than 10% of Hb-F per- 
sisting four months after birth, and it is difficult to detect any 
by the ordinary methods in older infants. However, Singer 
et al. (1951) and Jonxis & Visser (1956) thought that small 
percentages might be found for as long as 14-2 years in the 
blood of healthy infants. Using the combined alkali-denatura- 
tion and spectrographic method (Beaven et al. 1956), we have 
not found more than traces (< 1%) of Hb-F after the first 
few years of life, and the persistence of higher levels of Hb-F 
in older children appears to be associated with hereditary 
haemoglobinopathies or occasionally with other severe blood 
disorders (fig. 3). While it is clear that cells containing Hb-F 
continue to be produced after birth, this process is very limited 
in degree and finally ceases altogether in health. 


c. Normal Adult Life 


Despite much work, it is still not clear whether a minute 
trace of Hb-F may persist in normal adults. Chernoff (1953b) 
has claimed to demonstrate traces immunologically, and 
Jonxis & Huisman (1956) believe the Singer residue is a 
mixture containing some Hb-F, and that this is supported by 
the amino-acid composition (Huisman, Jonxis & Dozy, 1955). 
Beaven et al. (1956) have found no spectrographic evidence 
of Hb-F in residues from normal adult blood, with a limit of 
sensitivity of 0.4-1 % in the original sample. 

In pregnancy, immunological tests suggest the possible 
appearance of traces of Hb-F in the third trimester (Rucknagel 
& Chernoff, 1955). That this might result from gonadotropic 
hormonal activity rather than trans-placental passage of foetal 
red cells is supported by similar findings in molar pregnancy 
(Bromberg, Salzberger & Abrahamov, 1957). Chown (1954) 
has produced evidence for bleeding from the foetus into the 
maternal circulation as a rare cause of severe anaemia in the 
new-born; Hb-F as well as cells with the agglutination 
properties of the child were demonstrated in the mother’s 
blood. 


5. Pathological Significance of Hb-F 


It has frequently been considered that Hb-F may persist 
after birth in abnormal amounts or reappear in various 
pathological conditions (see Barcroft, 1934). The evidence is 
somewhat conflicting, and, although there is clear evidence 
for the postnatal existence of Hb-F in a number of conditions, 
the mechanism of formation and teleological significance are 
by no means clear. 

Rubowitz (1933) suggested that with residence at high 
altitudes the low oxygen level might stimulate formation of 
Hb-F. In our own work, we have found no abnormal per- 
sistence in children with congenital cyanotic heart disease, in 
long-continued cyanosis due to drugs, or in the myeloid 
hyperactivity of myeloid metaplasia. Despite pronounced 
marrow activity in hypochromic anaemia due to lack of iron 
or blood loss, Hb-F does not appear to be present. 

The resemblance of megaloblasts to primitive embryonic 
erythroblasts and the presence of abnormal macrocytes have 
Suggested the presence of Hb-F in pernicious anaemia (see 
Larsen, 1951), though tests other than alkali-denaturation 
did not confirm this (Iversen & Larsen, 1956). By the sensitive 
combined method, we have found traces (< 5%) of Hb-F in 
some untreated cases, disappearing slowly with therapy. In 


ol. 15 No. 1 


37 


FIG. 3. FOETAL HAEMOGLOBIN LEVELS FROM BIRTH 


TO FIVE YEARS 


aaa 
2, CLI 











2p 
1/> 
x. 
“py 


Zee 
ML“ 














Abscissae: age (years) 
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A: curve corresponding to assumption of linear disappearance of 
Hb-F (80% at birth) with the mean red-cell life of 100 days, 
extended to below 1% survival 

B: average Hb-F levels in a series of child hospital patients with 
illnesses not involving abnormal haemoglobins 

C: approximate upper level of Hb-F in cases of thalassaemia minor 
and sickle-cell trait 

D: approximate upper level of Hb-F in cases of sickle-cell anaemia, 
heterozygotes for two abnormal haemoglobins, or thalassaemia 
and an abnormal haemoglobin (i.e., sickle-cell/Hb-C disease, 
sickle-cell /thalassaemia) 

E: approximate upper level at ca 100% Hb-F, for cases of thalass- 
aemia major 


The Hb-F values in the range below 1% are at the useful limit of the 
combined residue and spectrographic method and should be regarded 
only as indicating ‘‘Hb-F trace, less than 1%’’. Hb-F values below 
0.4% would be regarded as ‘‘nil’’. 


a few patients with refractory anaemia and hyperplastic 
marrow, small amounts of Hb-F have been detected, but it is 
not usually present. 

Hb-F is not present in the acquired haemolytic anaemias, 
and is usually absent in congenital spherocytic, elliptocytic 
and atypical forms, though traces occasionally occur (Singer 
et al. 1951; White & Beaven, 1954). Hb-F might be expected 
in conditions with pronounced extra-medullary haemopoiesis, 
but in myelosclerosis and most leukaemias it is usually absent 
or present only in small amounts. Occasionally, however, 
children with leukaemia form large amounts of Hb-F (Beaven 
& White, 1953). 


6. Hereditary Haemoglobinopathies 


The hereditary haemoglobinopathies include a wide range 
of haematological disorders in which there is expression of 
the genes for thalassaemia, Hb-S or for a range of further 
“abnormal haemoglobins”’. It is in this group that abnormal 
persistence of Hb-F in postnatal life is particularly found. 


a. Thalassaemia 


In the severely anaemic, homozygous major form of thalass- 
aemia large amounts of Hb-F are of frequent and well- 
established occurrence (Vecchio, 1946; Liquori, 1951; Rich, 
1952). We have found a range of less than 20% to more than 
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90% in this condition. The amount of Hb-F is not particu- 
larly related to severity (Sturgeon, Itano & Bergren, 1955), 
and the markedly defective production of Hb-A appears to be 
part of an inability of the hyperplastic bone-marrow to form 
and deliver mature erythrocytes into the circulation (Sturgeon 
& Finch, 1957). A trace of Hb-F may be found in adults with 
heterozygous thalassaemia minor (Singer et al. 1951) and we 
have found that about half these individuals have 1-4% of 
Hb-F and that this is a useful diagnostic feature. The relation- 
ship of Hb-F to Hb-A and to the A, minor fraction in the 
various forms of thalassaemia has been discussed by Marinone 
& Bernasconi (1958). 

Thalassaemia is very wide spread geographically, occurring 
widely in the Middle East and India as well as the Mediter- 
ranean area. In the British Isles, rare examples occur (Har- 
vard, Lehmann & Scott, 1958). We have studied five families 
in which an hereditary hypochromic anaemia of this type has 
occurred, and the finding of small quantities of Hb-F in 
various members has been a valuable aid to diagnosis.* 


b. Sickle-Cell Disease 


The sickling phenomenon is not easily elicited in the blood 
of young infants, and as the Hb-F declines during the first 
months of life, Hb-S appears in the cells and these can then 
be sickled (see Schneider & Haggard, 1955). It is well known 
that in homozygous sickle-cell anaemia, although Hb-S forms 
the bulk of the haemoglobin, up to 20% of Hb-F may accom- 
pany it. The Hb-F may exert some protective function, since 
it does not enhance the gelation of reduced Hb-S (Singer & 
Singer, 1953). In the heterozygous sickle-trait condition, the 
Hb-S is accompanied by an excess of Hb-A, and we have 
found only traces of Hb-F present in about half the individuals 
examined. 


c. Other Abnormal Haemoglobins and Mixed Syndromes 


Homozygous states for abnormal haemoglobins, such as C 
and E, may be associated with small amounts of Hb-F, but 
particularly notable amounts of up to 20-30% of the total 
may occur in the mixed syndromes due to the inheritance of 
the thalassaemia gene and a second gene for Hb-S, C or E. 
In these states, the formation of Hb-A is suppressed to varying 
degrees, the abnormal haemoglobin predominates, but a 


* See also Lehmann, p. 40 of this number of the Bulletin. —Eb. 
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varying proportion of Hb-F co-exists (see Itano et al. 1956; 
Maclver, Went & Cruickshank, 1958). 

Though the question has been raised whether the Hb-F 
found in pathological blood is identical with the normal foetal 
pigment (Perosa & Bini, 1954), most workers agree that this 
is so (Itano, 1957). Our own use of the simultaneous spectro- 
scopic and alkali-denaturation criteria support this conclusion. 


d. Genetic Aspects of Hb-F 


The genetic pattern for the production of Hb-F and its 
normal replacement by Hb-A is obscure. The persistence of 
Hb-F is of great interest in the many instances of operation of 
genes for the Mendelian dominant abnormal haemoglobins, 
most marked where homozygous, much less so where hetero- 
zygous with the gene for Hb-A production. The marked 
influence of the gene for thalassaemia in continued Hb-F 
production is also very evident when heterozygous with a 
further gene for an abnormal haemoglobin. The possibility 
of double-heterozygosity may be related to the great vari- 
ability of Hb-F and Hb-A in such conditions and calls for 
careful familial as well as biochemical studies (Zuelzer, 1957). 
The possibility that Hb-F itself may persist into adult life as a 
genetic entity without associated haematological abnormality 
has been raised by Jacob & Raper (1958). 


7. Conclusion 


Great interest attaches to the existence of distinct foetal and 
adult forms of normal human haemoglobins, and although 
broadly similar haemoproteins, the two are distinguished by a 
great variety of physico-chemical properties. 

Much less is known about the biological significance of 
Hb-F, but its persistence in postnatal life is a feature of a 
number of blood disorders, and particularly of certain hered- 
itary haemoglobinopathies. The application of reliable 
methods of recognition is of diagnostic value, and is shedding 
light on the physiological problems involved. 
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1. Adult and Foetal Haemoglobin 


Haemoglobin consists of globin, a protein to which are 
attached four ferroporphyrins. These prosthetic groups, 
the haems, are identical in all animal species and in all the 
variants of human haemoglobin. The difference between 
the haemoglobins of man and of animals is in the globins. 
The molecular weight of invertebrate globin varies greatly but 
in vertebrates it is uniformly about 68,000. 

For about one hundred years two human haemoglobins 
have been known: normal “‘adult”’ (A) and “foetal”? haemo- 
globin (F). Haemoglobin A is easily denatured by alkali and 
haemoglobin F is not. The remarkable resistance to alkali 
denaturation of the “‘Blutfarbstoff des Nabelschnurblutes” 
led von KOrber to the conclusion that the haemoglobin of the 
new-born was different from that of adult man. Haemoglobins 
A and F are under independent genetical control. In the new- 
born more than half of the respiratory pigment is haemo- 
globin F, but the proportion falls rapidly during early infancy, 
though studies with radioactive iron and glycine suggest that 
haemoglobin F production continues for a time after birth 
(Visser, Huisman & Woldring, 1957, and personal communi- 
cation). 


a. Haemoglobin F in Anaemias of Early Onset 
Haemoglobin F formation can continue into childhood or 
even adult life if there has been from early infancy a continuous 
deficiency in the production of adult haemoglobin. Thus 





? For a more detailed consideration of foetal haemoglobin, see the paper by Whit 
& Beaven, p. 33 of this number of the Bulletin —Ep- eaten . 


INHERITANCE OF HUMAN HAEMOGLOBINS _§H. Lehmann 


haemoglobin F, in itself not an abnormal haemoglobin, serves 
as an indicator of an anaemia of early onset when found at an 
age beyond which it has normally disappeared. Haemoglobin 
F is most regularly found at an abnormally late age in the 
haemoglobinopathies but may occur also in inherited disorders 
not involving abnormalities of haemoglobin production. A 
considerable proportion of children with spherocytic anaemia 
possess foetal haemoglobin. I have seen three such children 
with severe jaundice at St Bartholomew’s Hospital in whom 
the haemoglobin F levels were 3.4%, 5.1%, and 2.9% respec- 
tively; in each case this foetal haemoglobin disappeared when 
the anaemia had been relieved by splenectomy. 


b. Relationship between Haemoglobin F Level and 
Severity of a Haemoglobinopathy 


It has often been noted that there is no strict correlation 
between the severity of a haemoglobinopathy and the percent- 
age of haemoglobin F. Perhaps this is less of a puzzle than 
is generally supposed. Haemoglobin F production cannot 
apparently be restarted once it has disappeared. The morbid- 
ity of a haemoglobinopathy depends not only on the genes 
which cause it, but also on the environment. Thus infections 
aggravate sickle-cell anaemia but there may be long periods 
with only minor disability during which haemoglobin F 
formation diminishes, and it will remain at this lower level in 
spite of subsequent exacerbations of the disease. 

An environmental influence on the proportion of different 
haemoglobins has been found in sheep (Huisman, van Vliet 
& Sebens, 1958). Here two allelic haemoglobins are involved 
in contrast with the human haemoglobins A and F which are 
independently inherited pigments. The two sheep haemo- 
globins that are inherited as simple Mendelian characters 
have different affinities for oxygen. When heterozygotes were 
bled so that they became anaemic, they responded by form- 
ing a greater proportion than before of the haemoglobin with 
the lower oxygen affinity. A lower oxygen affinity is of 
course advantageous for increased transfer of oxygen from the 
blood to the tissues. 


2. Haemoglobin S 


The discovery by Pauling and his colleagues (Pauling, Itano, 
Singer & Wells, 1949) that man can possess different adult 
haemoglobins was a milestone in chemical, physiological, 
clinical and genetical research of the 20th century. This 
simple observation, besides explaining previous genetical and 
clinical findings, introduced the concept of “molecular 
disease” with its new implications in the fields just mentioned. 
Pauling has acknowledged the stimulus he received from 
W.B. Castle, who had wondered whether the haemoglobin was 
abnormal in sickle-cell anaemia. Watson, Stalman & Bitello 
(1948) had noted the paucity of sickle cells in new-born infants 
who later showed strongly sickling cells when their foetal 
haemoglobin had been replaced by the adult pigment, and 
Ponder had observed that the “‘ghosts”’ of sickle cells—i.e., 
cells which had lost their haemoglobin—had also lost the 
faculty to sickle. 


a. Sickle Cells 


In 1910 Herrick described in Chicago “‘ peculiar elongated 
and sickle-shaped red corpuscles” in a severely anaemic West 
Indian negro student. Subsequently more such patients were 
seen, at first all American negroes. It was then noted that 
there were two groups of sicklers, one in which the pheno- 
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menon was associated with a severe disability, and another in 
which the erythrocytes appeared normal in vivo, but could be 
induced to sickle in vitro (Diggs, Ahmann & Bibb, 1933) 
(Plate I, A). The sickling phenomenon was found to be familial 
and inherited as a single Mendelian dominant (Emmel, 1917; 
Taliaferro & Huck, 1923). At first the same gene was 
considered to produce in some persons an asymptomatic 
condition—the sickle-cell trait—and in others a disease— 
sickle-cell anaemia. Neel (1947) suggested an alternative 
hypothesis, and in 1949 he and, independently, Beet (1949) 
presented convincing evidence that the two sickling conditions 
resulted from the heterozygous and the homozygous states. 
A single gene for sickling produced the trait, and two genes 
were responsible for the anaemia. This genetic hypothesis 
received dramatic support from the discovery of sickle-cell 
haemoglobin by Pauling and his associates and from the 
finding that sickle-cell trait carriers (heterozygotes) possessed 
both the abnormal and the normal pigment, while patients 
with sickle-cell anaemia (homozygotes) had no normal adult 
haemoglobin (fig. 1). In these patients a small fraction of the 
haemoglobin was identified by Singer, Chernoff & Singer 
(1951) as foetal haemoglobin. 


b. Sickle-Cell Anaemia—a Molecular Disease 


Pauling called sickle-cell anaemia a molecular disease, and 
indeed the whole syndrome could be explained on the basis 
of the physico-chemical properties of the sickle-cell haemo- 
globin. It had long been known (Hahn & Gillespie, 1927) that 
sickling only occurs at low oxygen tensions and that sickle 
cells revert to the normal shape when they are exposed to 
sufficient oxygen. Sherman (1940) had shown that the 
anaemia and the trait differed in their tendency to form sickle 
cells. Sickle-cell haemoglobin was found to differ profoundly 
from normal adult haemoglobin in the solubility of the ferrous 
form. The low solubility of the reduced sickle-cell haemo- 
globin, only 2% of that of the oxygenated pigment, causes the 
sickling phenomenon when the cells are deprived of oxygen 
(Perutz & Mitchison, 1950; Perutz, Liquori & Mitchison, 
1951). Deoxygenation of haemoglobin solutions which 
contain 10% or more of the sickling variant will result in the 
formation of tactoids; when the concentration exceeds 20% 
a semi-solid gel is formed. Tactoids formed inside the cell 
stretch the cell membrane and give the sickle cell its bizarre 
shape. The sickle cell is thus “‘a hemoglobin tactoid thinly 
veiled and somewhat distorted by the cell membrane” 
(Harris, 1950). Solutions containing more than 10% of 
reduced sickle-cell haemoglobin have a greatly increased 
viscosity (Greenberg, Kass & Castle, 1957). In vivo virtually 
all the features of sickle-cell anaemia can be related directly 
or indirectly to the increase in blood viscosity on deoxygen- 
ation (Harris, Brewster, Ham & Castle, 1956). The slower the 
blood flows the greater will be the deoxygenation and, if intra- 
vascular sickling leads to a blocking of small blood vessels, a 
vicious circle is set up. Allison (1956) has emphasized the 
importance of the time factor in the development of sickling. 
When the circulation time is normal few red cells are in the 
deoxygenated state for more than 15 seconds but if, for any 
reason, the cells are held up in organs at low oxygen tension, 
there will be time for sickling to begin, thus initiating the 
vicious circle. Allison has emphasized that time must also 
elapse for oxygenation to reverse sickling and that sickle cells 
released into the blood may not be exposed to high oxygen 
tension long enough for their shape to return to normal. 
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FIG. 1. PAPER ELECTROPHORESIS AT pH 8.6 OF THE 
HAEMOGLOBINS OF A CHILD (MIDDLE) AND ITS 
PARENTS (BOTH SIDES) 
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The parents possess haemoglobins A and S. The child is homozygous 
for haemoglobin S. 


3. Haemoglobin Variants other than Haemoglobins 
A, F, and S 


Once it was shown that electrophoresis could separate 
normal and sickle-cell haemoglobin, numerous other haemo- 
globin variants were discovered. The following haemo- 
globins are now known: A, C, D, E, F, G, H, I, J, K, L, 
M, N, O, P, Q, and S. In addition, other haemoglobins 
have been described that have not yet been fully identified by 
their properties or their genetic behaviour. They are: Hopkins 
I, and Hopkins II (Smith & Torbert, 1958), Lepore, and 
two haemoglobins that are possibly variants of haemoglobin 
F—one unnamed (Fessas & Papaspyrou, 1957) and “‘Bart’s” 
(Ager & Lehmann, 1958). Haemoglobin F and Bart’s differ 
from all the others in being relatively more resistant to dena- 
turation by alkali, while in their ultra-violet spectrum the 
tryptophan fine structure band is shifted from the usual 
291.0 mu to 289.8. The methaemoglobin spectrum of haemo- 
globin M differs from that of all others. 

The haemoglobin variants differ chiefly in their electro- 
phoretic behaviour. However, this is the same for haemo- 
globins S and D but, in the reduced state, haemoglobin D is 
much more soluble and cannot therefore give rise to the 
sickling phenomenon. Other haemoglobins, similar in their 
electrophoretic behaviour, can be differentiated by resin 
chromatography, which was introduced by Huisman & Prins 
(1955). The most important recent development in the analy- 
sis of the haemoglobins has been the determination of the 
amino-acid sequence introduced by Ingram (1956, 1957, 1959). 

The rate at which new haemoglobins are described is in- 
creasing rather than slackening. Benzer, Ingram & Lehmann 
(1958) compared three samples of haemoglobin D from 
Cyprus, the Punjab and Gujerat. By the current methods 
they were all haemoglobin D, but an analysis of the peptides 
showed that all three differed from each other. Recently, a 
new haemoglobin has been found in an English family (Ager, 
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Lehmann & Vella, 1958). In view of the difficulty in allot- many hundreds), whereas in haemoglobin E trait carriers (A the get 
ting a letter which might be used simultaneously elsewhere plus E) the abnormal component amounts invariably to more phenot 
for another new haemoglobin this pigment was called the than 20%. A conclusive differentiation has been made by an thalass 
“Norfolk” type. Clearly, the alphabet will not furnish enough examination of the amino-acid sequence in the haemoglobin A. A 
letters for the haemoglobins that will undoubtedly be peptide chains, which has revealed that the two haemoglobins H thal 
described in the future, and the last-named authors have are not identical (Ingram, personal communication). H have 
suggested a scheme whereby the adult haemoglobins are at Uni 
classified by digits and letters according to their electro- b. Morphological Changes found 
phoretic mobility. The morphological features of thalassaemia are usually third § 
. related to suppression of haemoglobin A production. There presen 
4. Thalassaemia is a hypochromic, microcytic anaemia with marked aniso- riage) 
a. Three Abnormalities of Haemoglobin Synthesis poikilocytosis. The microcytosis is due rather to flatness than mic g 
Thalassaemia is associated with three abnormalities of to a decrease of the cell diameter, and target cells are therefore haem¢ 
haemoglobin synthesis: first, the presence of haemoglobin F; particularly prominent (Plate I, B). The mean corpus- found 
second, the suppression of haemoglobin A production; third, cular haemoglobin concentration is relatively normal, but well b 
an increase in the proportion of haemoglobin A,. Haemo- because of the low cell volume the mean corpuscular haemo- of ha 
globin F is produced in thalassaemia at an age at which it is globin is greatly decreased. There are thus subtle differences those 
usually no longer formed. Thalassaemia is unique amongst the between the features of the hypochromic anaemia due to of hae 
haemoglobinopathies in that haemoglobin F is found in thalassaemia and those of the hypochromic anaemia of iron only ; 
heterozygotes as well as in the homozygotes for the abnormal deficiency. Moreover thalassaemia presents the seeming haem 
gene. paradox of a hypochromic anaemia without a low serum iron the tc 
Haemoglobin A is not produced in normal quantity al- level. thus 
though both genes responsible for this haemoglobin are c. Different Thalassaemias globit 
present. As the thalassaemia gene is inherited independently None of the characteristics of thalassaemia occurs with ; Th 
from the haemoglobin A gene, it has been possible to prove absolute regularity. There can be a complete failure of expres- inher 
that the haemoglobin A genes of a thalassaemic individual sion of the gene in the phenotype. A study of parents of levels 
are fully efficient in their expression provided they are inherited patients with thalassaemia major showed that the thalassaemia rand 
without the thalassaemia gene. The effect of thalassaemia gene may be transmitted without causing any obvious signs of he 
on haemoglobin A production is particularly noticeable in of thalassaemia (Zuelzer, Neel & Robinson, 1956). Haemo- (Gere 
haemoglobin A heterozygotes. In a carrier of the sickle-cell globin F will always be found in Hotaenminie, major, the have 
trait (A plus S) the proportion of haemoglobin S is usually severe anaemia of the homozygotes, varying from less io 1958) 
less than half. In the double heterozygote for the genes 5% to 90% or even more. In the heterozygotes haemoglobin charé 
responsible for haemoglobins A and S and for thalassaemia F is often present but it is by no means a regular finding. pH. 
the position is reversed and the proportion of haemoglobin There is no invariable connexion between the suppression of oon 
A is usually less than half. In some instances haemoglobin A haemoglobin A production and the morphological changes prod 
production may be suppressed to such an extent that the of thalassaemia. Certain adults have been described who were al 
haemoglobin phenotype becomes indistinguishable from that not anaemic but whose haemoglobin genotype was found to _— 
found in sickle-cell anaemia (S plus F). Only from a family be S plus F. When their families were examined it became ~ ' 
study can one then decide whether the genotype is AS and clear that the propositi? were carrying both genes for haemo- =e 
thalassaemia, or SS. In the AE heterozygote the phenotype globin S and A, and one other which was responsible for the ons 
is as a rule E plus F, although reports from India and from suppression of haemoglobin A production in the AS hetero- -” 
Indonesia suggest that the pattern E plus F plus A can zygote. There was no association of this gene with any of 7m 
occasionally be found. ; . the morphological features typical of thalassaemia. In several be 
It has been known since 1950 that, besides the main haemo- instances parents and offspring of these people showed the glob 
globin A component, other fractions can be recognized on haemoglobin pattern A plus F but there were no other signs ner 
electrophoresis of haemolysates from normal individuals of thalassaemia. Edington & Lehmann (1955a, 1955b) red ¢ 
(Hoch, 1950). Sturgeon, Itano & Valentine (1952), Neel, described this condition as “thalassaemia or thalassaemia- — 
Itano & Lawrence (1953), Singer, Kraus, Singer, Rubinstein like”, and Neel, Hiernaux, Linhard, Robinson, Zuelzer & char 
& Goldberg (1954), and Derrien & Reynaud (1955), all using Livingstone (1956) postulated that there must be several and 
open-boundary electrophoresis, demonstrated small amounts different thalassaemia genes. Lehmann (1959) proposed the Bess 
of a component other than haemoglobin A or haemoglobin F name ‘“non-microcythaemic thalassaemia” and Jacob & = 
in the blood of people with thalassaemia. Kunkel & Wallenius Raper (1958) used the expression “hereditary persistence of ssi 
(1955) used zone electrophoresis in a starch slab and showed foetal haemoglobin.” Went & Maclver (1958) label the gene acl 
that this haemoglobin had the electrophoretic mobility of responsible for this condition “‘F” gene. elect 
haemoglobin E. They called this haemogtobin-E-like com- Lastly there are conditions which show the clinical and 3 
ponent haemoglobin A, and reported that it was present in red-cell findings of thalassaemia but no increase in haemo- = 
amounts ranging from 1.8 to 3.5% of the total haemoglobin globin A,. Haemoglobin A is in some the only adult haemo- : (per 
in normal people, but that the levels were above 3.5% in globin, and in others it may be associated with another 2 o- 
pag Pos — _ difficulty in distinguishing haemoglobin such as H, or Q or Bart’s. In the case of ; oe 
suc oods from those of AE heterozygotes. However, . . : 
Aksoy, Lehmenn & Lie-injo Luan Eng (1957) have pointed haemoglobin H disease, Motulsky (1956) has suggested that i a 
out that in thalassaemia the haemoglobin A, percentage is . Deapeinen: 2 modem otayenion of i.  westicipte of proponere, used for the a 
almost never above 20 (I know of only one exception amongst fanilial ED. ee a ar § med. 
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the gene for haemoglobin H does not find expression in the 
phenotype unless it is inherited together with a gene for 
thalassaemia which suppresses production of haemoglobin 
A. All haemoglobin H diseases would then be haemoglobin 
H thalassaemias. Several Cypriot families with haemoglobin 
H have been studied in London. Huehns and his collaborators 
at University College Hospital (private communication) have 
found haemoglobin H in one family in the first and in the 
third generation but not in the second, in which, however, the 
presence of 2% of haemoglobin F in one member (by mar- 
riage) is strongly suggestive of the presence of the thalassae- 
mic gene. Gerald & Diamond (1958) postulate a “new” 
haemoglobinopathy for any thalassaemic condition which is 
found without an increase in haemoglobin A,. There may 
well be a definite hereditary thalassaemia with a high content 
of haemoglobin A, which is quite different genetically from 
those without. It may be necessary to relate the proportion 
of haemoglobin A, to the main component of haemoglobin A 
only and not to the total haemoglobin. If the amount of 
haemoglobin A, were related to that of A, only, and not to 
the total haemoglobin (A plus H), a different picture might 
thus be obtained in at least some of the cases of haemo- 
globin H disease. 

There is increasing evidence that haemoglobin A, is 
inherited as an independent system. The haemoglobin A, 
levels in thalassaemia are apparently not distributed at 
random; in the affected members of families the amounts 
of haemoglobin A, were similar, varying from 3.5% to 6% 
(Gerald & Diamond, 1958). Ceppellini, Kunkel & Dunn 
have reported (Institute for the Study of Human Variation, 
1958) a variant of haemoglobin A,, “haemoglobin A,’”’, 
characterized by a slower electrophoretic mobility at alkaline 
pH. The trait A, plus A,’ segregates as a simple Mendelian 
alternative to single A,. Matings of A, and A, plus A,’ 
produce both types in equal proportions in the offspring. 

If haemoglobin A, is the product of an entirely different 
gene from that determining haemoglobin A, it can readily 
be understood why the proportion of haemoglobin A, is high 
in thalassaemia. The increase is merely another example of 
the rise seen in this condition in the proportion of haemo- 
globins other than A and can be compared with the increase 
of haemoglobin S above 50% in sickle-cell thalassaemia. 

The existence of thalassaemia-like disease in which haemo- 
globin A is suppressed in favour of haemoglobin F or S plus F, 
but in which the characteristic morphological changes in the 
red cells are not observed, has been noted above. Conversely, 
patients have been described showing the morphological 
changes typical of thalassaemia but lacking haemoglobin F 
and without an increase in haemoglobin A,. Caroli, Bernard, 
Bessis, Combrisson, Malassenet & Breton (1957) have de- 
scribed a patient with microcythaemia in whom a severe hypo- 
chromic anaemia was associated with a failure to use iron for 
haemoglobin synthesis. This paper is remarkable for its 
electron micrographs which demonstrate the accumulation 
of ferritin granules in these hypochromic cells. Haemo- 
globin F was absent and haemoglobin A, was not increased 
(personal communication), and it seems that for this reason 
the authors have not called the condition thalassaemia. 
Sanghvi, Sukumaran & Lehmann (1958) found in a woman 
both thalassaemia and the haemoglobin J trait, but there was 
no increase in haemoglobin A, and in the proportion of 





* See, however, Bingle, J. P., Huehns, E. R. & Prankerd, T. A. J. (1958) Brit. 
med. J. 2, 1389. 
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haemoglobin J. In an infant with a typical thalassaemic blood 
picture haemoglobin F and another abnormal foetal haemo- 
globin (Bart’s) were found (Ager & Lehmann, 1958). The 
mother’s blood also showed microcythaemia, and the mild 
hypochromic anaemia was associated with a normal plasma 
iron level and could not be corrected by treatment with iron. 
Haemoglobin F was not found and haemoglobin A, was not 
increased. In the child both haemoglobins F and Bart’s dis- 
appeared after the first six months of life and, though there 
is now nothing abnormal in the haemoglobin composition in 
the child, the hypochromic anaemia with target cells is still 
present. 


5. Population Dynamics of the Haemoglobinopathies 
a. Anthropological Interpretation of World Distribution 


Thalassaemia is the most widely distributed abnormality 
of haemoglobin synthesis. Perhaps we are not justified in 
assuming the identity of all the thalassaemia genes which can 
be followed eastwards from Portugal through Spain, southern 
France, North Africa, Italy, Greece, the Middle East, India, 
Burma, Siam, Cambodia, Malaya and Indonesia into China 
and the Philippines. It is still less certain that we are dealing 
with a single mutation which has gradually spread through 
Europe and Asia. One may assume for the variations of 
human haemoglobin synthesis, as for other racial character- 
istics, that they have, or have had, a selective value. Whether 
the common possession of such characters by otherwise 
widely different populations indicates a blood relationship 
can often not be decided. These difficulties of anthropological 
interpretation are not confined to the haemoglobinopathies. 
The fact that the Rhesus blood group cDe (R,) is frequent 
in Africans south of the Sahara, and more frequent in Medi- 
terranean populations than in other Europeans, will be 
accepted as an indication that African blood has found its 
way across the Mediterranean sea. In the same way, the 
Portuguese and the Filippinos may both have inherited 
thalassaemia from the same prehistoric ancestors, or the gene 
may have been imported into the Philippines by a few Portu- 
guese in more recent times. Its subsequent spread may have 
been quite out of proportion to the number of Portuguese 
individuals who transmitted the gene. Another possibility is 
that the gene may have arisen quite independently in both 
peoples, as in the case of the gene for “‘peppercorn hair” of 
the Andamanese and the South African Bushmen who are not 
now thought to be closely related. 

Perhaps it is not unreasonable to suggest that variations in 
human haemoglobin synthesis that are wide spread, such as 
thalassaemia and sickling, have arisen early in human evolu- 
tion and that others such as haemoglobins C or E which exist 
in more closely confined areas or populations are the outcome 
of later mutations. 

See figs. 2, 3 for maps showing areas of major incidence of 
thalassaemia, of sporadic non-microcythaemic thalassaemia 
and of haemoglobins S and C. 


b. Compensating Mechanisms Balancing Death of Homozygotes 
from Thalassaemia Major and Sickle-Cell Anaemia 


The homozygote for thalassaemia suffers from a severe 
disease and only rarely survives into adult life. Those who do 
are usually sexually immature. The successful completion of 
a pregnancy by a woman with thalassaemia major must be 
extremely rare. In addition symptomless thalassaemia 
minor, associated with the heterozygous state, may become 
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FIG. 2. MAP SHOWING AREAS OF MAJOR INCIDENCE 
OF HAEMOGLOBIN S AND HAEMOGLOBIN C 
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clinically severe when stress, particularly pregnancy, is 
encountered. In Italy alone the number of thalassaemic 
individuals has been estimated as greater than 1,000,000. A 
world incidence amounting to many tens of millions would 
not be an exaggerated estimate. The high frequency of such 
a disadvantageous gene in so many populations requires 
explanation. 

The same considerations apply to the distribution of the 
sickling gene, and to a lesser extent to that of the haemoglobins 
C, E, and possibly D. The sickle-cell haemoglobin may not 
be quite as wide spread as thalassaemia, but the number of 
people with the sickle-cell trait must rival the number of the 
carriers of the thalassaemia gene. Haemoglobin C is confined 
to a smaller area in West Africa, but within that region there 
are populations where every fifth adult carries the trait. The 
incidence of haemoglobin E is well above 
10% in Siam, Burma and northern Malaya, 
and the number of carriers of haemoglobin 
E trait is substantial in some of the neigh- 
bouring countries. Haemoglobin D is regu- 
larly found in some Indian populations, 
although the frequency of the trait is not 
much above 1 %. However, the populations 
affected are very large, and the number of 
carriers of haemoglobin D trait cannot be 
far off 1,000,000. The homozygotes for the 
genes responsible for the abnormal haemo- 
globins other than sickle-cell haemoglobin 
are known to survive and to procreate. 
Nevertheless they are liable to suffer from 
a mild anaemia resembling thalassaemia 
minor. Under primitive conditions where 
natural selection is at its most ruthless 
there must be an appreciable death-rate of 
children homozygous for the genes for these 
haemoglobins. 

It has been stated that parents who have 
lost children tend to over-compensate their 
loss. Parents who are both thalassaemia 
heterozygotes, some of whose children have 
died from thalassaemia major, would then 
have more children than parents of whom 





none or only one is thalassaemic. This would result in a 
greater number of thalassaemia heterozygotes in the next 
generation. A careful evaluation of the available informa- 
tion has brought forth no support for this hypothesis in the 
case of thalassaemia (Bianco, Montalenti, Silvestroni & 
Siniscalco, 1952). There is also no evidence of greater 
fecundity in families where children had died of sickle-cell 
disease. 

Neel (1953), in a fundamental paper, discussed the implica- 
tions of a situation in which the sickling gene was constantly 
eliminated by the early death of the homozygotes, but where a 
high sickling frequency was nevertheless maintained. One 
possible explanation was a genetically determined high muta- 
tion rate for the sickling gene in some populations. Allison 
(1954) has pointed out that a mutation rate which could 
compensate the loss of homozygotes in each generation 
would have to be some 3,000 times greater than the naturally 
occurring mutation rates calculated for man. This hypothesis 
was carefully tested for thalassaemia in Italy (Bianco ef al. 
1952) and for sickling in the Belgian Congo (Vandepitte, 
Zuelzer, Neel & Colaert, 1955). There was no evidence for a 
raised mutation rate for either gene. 

Another possibility was a regulation of gene frequency by 
balanced polymorphism, a genetic mechanism which requires 
that two allelic genes confer on the heterozygote special 
advantages not enjoyed by either homozygote. If balanced 
polymorphism occurred in thalassaemia it would cause the 
heterozygotes to contribute relatively more genes to the next 
generation than both the thalassaemia and the normal 
homozygotes. It is clear that the heterozygotes do not suffer 
from the lethal disease, thalassaemia major, which afflicts the 
thalassaemia homozygotes. The difficulty lies in establishing 
evidence for an advantage the heterozygotes enjoy over the 
normal homozygotes. The first to suggest that selection might 
favour the heterozygote for a gene responsible for a haemo- 
globinopathy was Haldane (1949). He thought that thalass- 


FIG. 3. MAP SHOWING AREAS OF MAJOR INCIDENCE OF THALASSAEMIA 
AND OF SPORADIC NON-MICROCYTHAEMIC THALASSAEMIA 
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aemia minor might be an advantage when blood formation 
was difficult because of an iron or vitamin deficiency. How 
the thalassaemia heterozygote might enjoy a greater protection 
against iron deficiency than the normal homozygote has been 
described by Sijpesteijn (1958). Women with thalassaemia 
minor tend to have a mild hypochromic anaemia which 
would increase their iron absorption. As in thalassaemia 
the utilization of iron is decreased, this would increase 
deposition of iron in the body. This might be of considerable 
value to women in primitive communities where a high infant 
mortality is associated with a large number of pregnancies— 
often the cause of severe iron-deficiency anaemia. 

Another possible advantage suggested by Haldane was a 
greater resistance of the thalassaemia heterozygote against 
malaria. There is an association between the world distri- 
bution of thalassaemia and malaria, and wherever thalass- 
aemia is found there is, or has been, much malaria. Carcassi, 
Ceppellini & Pitzus (1957) in Sardinia compared two racially 
identical populations which differed in two respects. One lived 
in a severely malarious area and showed a high frequency of 
thalassaemia, the other lived in a healthier area and had a 
much lower incidence. 

To obtain more information on malaria as a selective agent 
supporting balanced polymorphism, we have to turn from 
thalassaemia to sickling. The literature has been summarized 
by Edington & Lehmann (1956) and by Allison (1957). 
Allison (1954) made the contribution most relevant to this 
problem. He postulated that sickle-cell heterozygotes were 
protected against malignant tertian rather than other forms of 
malaria. Plasmodium falciparum is responsible for the high 
death-rate of children from malaria. If there were a difference 
in the malarial mortality of sickling and of normal children, 
the sickling rate of the survivors would be greatly affected. 
Raper (1955, 1956) found no significant difference in the in- 
cidence of malarial infection in general, or of infection with 
P. falciparum in particular, in sicklers and in non-sicklers at 
any age. However, in early infancy, before the picture is ob- 
scured by acquired immunity, there is a difference in the num- 
ber of P. falciparum parasites found in the blood smears of 
sickling and non-sickling infants. The parasite apparently has 
difficulty in developing in cells which contain the abnormal 
haemoglobin. As the degree of parasitaemia is directly 
related to the severity of the disease and therefore to the 
malarial death-rate, we have here evidence for an advantage 
of the heterozygote over the normal homozygote. 

Another selective advantage based on a different mechanism 
might be a greater protection in utero if the mother is a sickler. 
Erythrocytes infected with P. falciparum tend to disappear 
from the circulation when the parasite reaches an advanced 
stage. They adhere to the walls of blood vessels in the internal 
organs—for example, in the placenta. There the red cells 
would give up oxygen to the tissues and to the parasite. If 
the mother were a carrier of the sickle-cell trait, this would 
increase the tendency of the parasitized cell to sickle. Once 
there is an alteration in shape, phagocytes would destroy the 
sickling cell and with it the parasite (Miller, Neel & Living- 
stone, 1956). If P. falciparum were less able to develop in the 
placenta of a sickling woman one would expect a greater 
number of live births from her than from a non-sickling 
mother. : 

There is a striking correlation between a high sickling rate 
and a low social status of a population (Lehmann, 1954). The 
lower the social scale the greater is the isolation from other 
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groups. Inbreeding would favour a high frequency of unusual 
genetic characters such as sickling. Primitive conditions 
would also inflate the malarial death-rate. Children who 
have overcome a milder infection with malaria may never- 
theless succumb to it if they are debilitated by malnutrition, 
infections and infestations, all of which are more severe in 
societies with a low social status. The greater the number of 
sickling and non-sickling children who are affected by such an 
acerbation of malarial mortality, the greater will be the over-all 
malarial death-rate and the more significant would be a 
difference in the observed survival of sicklers and non-sicklers. 
Even if malaria itself were not eradicated we could expect a 
fall in the sickling rate in populations with a high frequency 
of the trait once they experienced an improvement in their 
living conditions (Lehmann & Raper, 1956). 

No convincing evidence is yet available to suggest that other 
adult haemoglobins protect against malaria. There is a 
correlation between the age at which foetal haemoglobin 
disappears in infants and the age at which their inborn pro- 
tection against malaria ceases. This has led to the suggestion 
that haemoglobin F may be the protective agent, perhaps also 
in thalassaemia (Lehmann, 1953a, 1953b). This hypothesis 
has been much discussed but has been neither confirmed nor 
rejected (Allison, 1954, 1957; Davidson, 1955; Janssens, 
1955; Gilles, 1957). 

Haemoglobin C exists in West Africa with haemoglobin S. 
The three adult haemoglobins A, S, and C are the products 
of allelic genes (Ranney, 1954). Mourant (1954) has suggested 
that the haemoglobin C gene arose as a mutation of that for 
haemoglobin S. Its mode of distribution implies that it 
appeared first somewhere in West Africa. From there it seems 
to have spread and replaced the S gene. The total number of 
people with abnormal haemoglobins is similar over a wide 
area in West Africa, and it is only the proportion of haemo- 
globin C trait to haemoglobin S trait which changes within 
the over-all frequency. It is tempting to assume that haemo- 
globin C is more advantageous than haemoglobin S. The 
homozygous condition, haemoglobin C disease, is certainly 
much less severe than the homozygous sickle-cell anaemia. 
If haemoglobin C protected against malaria as efficiently as 
haemoglobin S, it would be a more viable mutant than haemo- 
globin S and haemoglobin A. However, Edington & Laing 
(1957) could find no evidence for relative protection of 
carriers of haemoglobin C trait against malaria. 


c. Advantages of Homozygotes (Haemoglobins E and D) 

An entirely different type of advantage has been suggested 
for haemoglobins E and D (Lehmann, 1958, 1959). Both, 
particularly haemoglobin E, are fairly widely distributed in 
South-East Asia, where they occur with thalassaemia. None of 
the haemoglobin E and D conditions—the trait, the trait plus 
thalassaemia, and the homozygous state—are as lethal as 
thalassaemia major, which alone will with certainty prevent 
the procreation of those it affects. If thalassaemia interferes 
with the production only of haemoglobin A there should be 
no expression of the thalassaemia gene in homozygotes for 
the genes for haemoglobins E and D. This would be parti- 
cularly important if two thalassaemia genes are inherited. 
The heterozygotes for haemoglobin A and E, or haemoglobin 
A and D genes respectively, would present with haemoglobin E 
thalassaemia or with haemoglobin D thalassaemia, but both 
these conditions are much less severe than thalassaemia major. 

Other advantages of haemoglobins E and D could be 













































similar to those of thalassaemia minor. Haemoglobin E 
disease and haemoglobin D disease (the homozygous states) 
resemble the thalassaemia trait clinically and in their red-cell 
morphology, and it would be difficult to tell the three apart 
without an examination of the haemoglobin. We have 
already noted Haldane’s suggestion that thalassaemia might 
favour the capacity to thrive on diets deficient in iron. It is 
noteworthy that people whose haemoglobin consists entirely 
of the D or E variants have a blood picture resembling that of 
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A. Sickled red cells 
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A. Stained autoradiograph of basophilic normoblast grown in medium containing 
thymidine *H (specific DNA label). Note localization of grains over the nucleus. 
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B. Paper electrophoresis of haemoglobins in barbitone buffer at 
pH 8.6, | = 0.05. (Direct photograph by transmitted violet light) 


1: Hb-A (normal adult) 

2: Hb-F (thalassaemia major, 76°, Hb-F) 
3: Hb-A and E (E-trait) 

4: Hb-F and E (thalassaemia /I4b-E disease) 
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Many attempts have been made to design a method for the 
cultivation of bone-marrow tissue since the first reports of 
Carrel (Carrel & Burrows, 1910). However, up to date there 
is no method which would correspond to a true tissue culture 
of bone-marrow in the sense that it would keep bone-marrow 
tissue indefinitely alive in the form in which it was explanted. 
Some bone-marrow cells can be kept alive for long periods 
(weeks or months) by a number of methods, but such 
“cultures” are not representative of the tissue which was 
explanted. The main difficulty lies in the fact that the bone- 
marrow is a mixed population of cells which differ in their 
nutritional requirements, and in which both cell multiplication 
and differentiation occur. The balance of these factors has 
not been reproduced yet in long-term in-vitro cultures. It 
would be more appropriate to speak of methods for the short- 
term survival of bone-marrow tissue in vitro and this is what 
should be understood when the term “‘ bone-marrow culture” 
is used. 


1. Methods of Bone-Marrow Culture 


The principles of culture methods fall in two categories: 
(i) direct observations of living cells in vitro give valuable in- 
formation on the mobility and behaviour of individual cells 
during a continuous period of observation; (ii) observations 
at the end of the culture period permit the survey of a con- 
siderably larger number of cells, the morphological changes 
of which may be studied in preparations stained by a 
Romanowsky method. Both principles have been applied to 
“in-vivo” experiments, in which suitable chambers containing 
the marrow cells were inserted into parts of the body of a host 
animal. It was hoped in this way to achieve better nutrition 
of the cells, but the results so far have been discouraging. 


a. Direct Observations of Living Cells in Vitro 
The ‘simplest way in which observations may be made of 
living cells is by the use of the sealed cover-slip preparation. 
While the optical conditions for observation are ideal, survival 
of the cells is limited to a few hours. 
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The hanging-drop method of tissue culture is, at its best, 
a compromise between the direct and indirect methods when 
applied to bone-marrow. The optical conditions for following 
individual cells are limited, but longer survival can be ob- 
tained than with the cover-slip method. 

A chamber technique incorporating both the cover-slip and 
hanging-drop methods was designed by Lajtha (1950a). The 
chamber consists of a metal ring sealed on both sides with 
cover-slips. Holes at the side allow the introduction of a bone- 
marrow cell suspension. The chamber contains sufficient 
nutrient medium and air to allow the cells to survive for 24-48 
hours. The cells, however, sink to the bottom of the chamber 
and an inverted microscope is therefore used for the observa- 
tion. 

The method which, however, yields the most satisfactory 
preparations from the point of view of both morphology and 
survival is the agar method of Pulvertaft (Humble, Jayne, 
Pulvertaft & Wilson, 1954; Pulvertaft, Haynes & Groves, 
1956). In this method agar mixed with culture medium is used 
and marrow fragments are explanted on the top of the thin 
agar block. The preparation is sealed with a cover-slip. The 
holes at the side of the agar chamber allow replacement of 
the medium. The chambers can be rotated and examined 
periodically, or fixed under the microscope for continuous 
observation. 

The direct observation methods yield useful information on 
the motility, ways of moving, speed of division, phagocytosis, 
and to a certain extent on the process of differentiation. 
Particularly valuable is the study of the immediate response 
of cells to certain stimuli (irradiation, application of chemical 
substances). However, the observations are limited to mor- 
phology, and no information can be obtained on the metabolic 
processes involved. 


b. Indirect Observations on Bone-Marrow Cells in Vitro 


Plasma that has been allowed to coagulate after the addition 
of tissue explants provides a solid culture medium. This is, 
however, particularly unsuitable for bone-marrow cells. As 
total cell counts cannot be made on such preparations, 
population changes cannot be measured with any certainty 
and the observations are therefore limited to morphological 
changes on stained preparations. Most such preparations are 
far too thick for proper cytological analysis. Furthermore, 
any solid supporting framework facilitates the transformation 
of marrow elements into fibroblasts, and even after the first 
24 hours the morphological appearance of the marrow will 
have undergone drastic changes. As emigration of the cells 
masks the growth of the explant, the measurement of growth 
depends on determinations of the mitotic index. Such deter- 
minations, however, are of questionable value even if the 
duration of the mitosis is known; marrow cells which have 
undergone gross morphological changes cannot be compared 
with normal marrow cells. 

No real advances were made in this field until the introduc- 
tion of the method of cell-suspension cultures (Osgood & 
Muscovitz, 1936; Osgood & Brownlee, 1937). The very 
obvious advantage of this method is the possibility of mak- 
ing accurate total cell counts and smear preparations on 
which cytological and cytochemical examinations can be 
performed. 

Israéls (1940a, 1940b) investigated the general morpho- 
logical appearance of normal and leukaemic human bone- 
marrow cells, using a modification of Osgood’s method. In 
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particular he attempted to follow the maturation processes 
and demonstrated maturation of normal granulocytic cells. 
He came to the conclusion that leukaemic cells could also 
mature to late forms and thus did not conform to classical 
tumour cells. However, there are considerable uncertainties 
in interpreting morphological changes in leukaemic cells in 
vitro, and the cells in acute leukaemia have not been found to 
mature with any certainty (Fieschi & Astaldi, 1946; Gunz, 
1948b; Lajtha, 1948). 

Gunz (1948a, 1948b, 1949, 1950), also using a modification 
of Osgood’s method, studied the effects on leukaemic blood 
cells of exposure to radiation and to aminopterin, an anti- 
leukaemic drug. He emphasized that radiation and amino- 
pterin acted by inhibiting mitosis and not by destroying 
resting cells. Aminopterin he found to be one of the most 
potent mitotic inhibitors. 

A similar modification of Osgood’s method was used for 
investigating the nature of the megaloblastic change in 
pernicious anaemia (Lajtha, 1950b, 1952a). The results 
indicated that the megaloblastic change is a reversible one: 
megaloblasts could be transformed into normoblasts, and 
normoblasts into megaloblasts. For the latter conversion an 
inhibitory factor in pernicious anaemia serum appeared to be 
responsible. Folic acid and citrovorum factor exerted a direct 
action on megaloblasts, promoting their differentiation into 
normoblasts. Crystalline vitamin B,., together with a source 
of intrinsic factor, had a similar effect, but vitamin B,, alone 
was inactive (Callender & Lajtha, 195la, 1951b). 

These findings were confirmed by Franco & Arkun (1951) 
and Thompson (1950, 1952), and in the case of vitamin B,, 
by Thompson (1952), Nieweg (1953), Astaldi & Cardinali 
(1957), and Pendl & Franz (1958), but not by Swan, Reisner & 
Silverman (1955). 


2. Combination of Autoradiography and Suspension 
Culture 


As long as the observation of bone-marrow cells was con- 
fined to morphological studies based on staining reactions and 
histochemical tests, the conclusions were necessarily limited. 
In each case a static picture was obtained, sometimes open to 
more than one interpretation. 

The introduction of radioactive labels and the application 
of a method of high-resolution autoradiography (Lajtha, 
1952b, 1954) made it possible to follow metabolic processes 
in bone-marrow cells in vitro, and to obtain a dynamic rather 
than a static picture of such processes as the intermitotic 
cycle, periods of nucleic acid synthesis, maturation time, 
haemoglobin synthesis, as well as the effect of various agents 
on these processes. 

By examination of the stained autoradiographs (Plate II, 
A), the following observations can be made: (i) differential 
cell count; (ii) which cell type takes up the radioactive label; 
(iii) what proportion of the cells of each type takes up the 
radioactive label (percentage of positive counts); (iv) how 
much radioactive label is taken up by individual cells (grain 
counts); (v) the localization within the cell of the radioactive 
label; and (vi) in what chemical form the label is present in the 
cell. 

Apart from the investigations listed above, total cell counts 
also can be made from the cultures. Autoradiographs on 
which the proportion of labelled cells (percentage of positive) 
are to be counted are exposed for a longer period than auto- 


radiographs required for counting the grains (average number 
of grains per labelled cell). Heavy labelling facilitates scoring 
of labelled (positive) and unlabelled (negative) cells but, for 
counting the grains over individual cells, an exposure time is 
chosen which will give 20-40 grains per cell. The error of 
grain counting is considerably increased if the average counts 
are much below 20 or significantly above 40. Information 
as to the chemical form of label within the cell is obtained 
by cytochemical extraction methods with specific enzymes 
(ribonuclease, deoxyribonuclease, amylase), or mild hydrolysis 
(hydrochloric acid, dilute perchloric acid). 

Essential comparisons between in-vivo and in-vitro be- 
haviour can be made by using the same label in vivo and by 
comparing the autoradiographs with those obtained from the 
in-vitro cultures. Most such comparative studies confirm 
that at least the first 24 hours of in-vitro behaviour of the cells 
closely approximates to that in vivo. 


a. Haemoglobin Synthesis 


Studies on the uptake of radioactive iron (5*Fe) indicated 
that **Fe uptake by the cells can be related to haem synthesis 
(Altman, Noonan, Sparagen & Salomon, 1952). In cultures 
of cells obtained from human bone-marrow, the uptake was 
demonstrable in the earliest recognizable erythrocyte pre- 
cursors (proerythroblasts, or pronormoblasts). The uptake 
per unit time was highest in the basophilic and early poly- 
chromatic stages, decreasing in the following order: late poly- 
chromatic normoblast, marrow reticulocyte, blood reticulo- 
cyte (Lajtha & Suit, 1955). A similar pattern was found in 
rabbit bone-marrow in vivo (Suit, Lajtha, Oliver & Ellis, 
1957). It was also established that the iron uptake by the 
normoblasts was not affected by irradiation with 1,000—5,000 
rads, and it was therefore concluded that the delay in appear- 
ance in the peripheral blood of the injected ®*Fe after total 


body irradiation was due to interference by radiation with . 


proliferative processes in the marrow rather than with haemo- 
globin synthesis. 


b. Sulphate Uptake by Myelocytes 


A chance observation indicated a very high uptake of 
sodium sulphate *5S by the myelocytes (Lajtha, Ellis & Oliver, 
1953). Neither the lymphocytic nor the erythroblastic series 
of cells took up any labelled substance, and in the granulo- 
cytic series the uptake was limited to the promyelocyte and 
myelocyte stages. Megakaryocytes also showed high uptake. 
Histochemical investigations indicated a relationship of the 
355 compound in the myelocytes to sulphates of the chon- 
droitin type. As the label did not appear in the band or 
segmented forms until after about 48 hours’ incubation, an 
approximate 48 hours’ maturation time from myelocyte to 
segmented forms was postulated. Attempts to treat leukaemia 
by exploiting the ability of granulocytes to take up *S failed 
because the leukaemic cells did not concentrate sufficient 
amounts of the isotope (Ellis, Lajtha & Oliver, 1955), although 
the uptake in vivo was confirmed. 

The sulphate uptake by megakaryocytes permits measure- 
ments of platelet life-span and production time in vivo to be 
made (Odell, Tausche & Gude, 1955; Odell, Tausche & Furth, 
1955). 


c. Nucleic Acid Metabolism 


With suitable radioactive precursors good labelling of the 
ribonucleic acids (RNA) and of deoxyribonucleic acids (DNA) 
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was obtained. These investigations established the pattern of 
the cell cycle in the average human bone-marrow cell in 
respect of DNA and RNA synthesis (Lajtha, Oliver & Ellis, 
1954). It was found that while RNA is synthesized through- 
out interphase, DNA is synthesized only for a 12-15 hour 
period during the second half of the interphase (fig. 1). 

The mechanism of radiation effects on the bone-marrow 
cells was studied during the period of DNA synthesis (S) and 
the “‘presynthetic” period (G,) (Lajtha, Oliver, Kumatori & 
Ellis, 1958). Mechanisms of inhibition appeared to differ in 
the two periods. During the presynthetic period a “trigger 
mechanism” for initiating DNA synthesis is apparently built 


up. 


3. Conclusion 


This brief account of findings may indicate that, with the 
combination of radioactive labels, high-resolution autoradio- 
graphy, and short-term culture of bone-marrow cells in vitro, 
one may follow complex metabolic processes at a cellular 
level in a mixed population of cells. This field is still largely 
unexplored. Apart from permitting investigation of the 
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FIG. 1. THE CELL CYCLE IN THE AVERAGE BONE- 
MARROW CELL, IN RESPECT OF DNA SYNTHESIS 
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The synthetic period (S) lasts approximately 12 hours and takes 
place in the second part of the interphase. It is separated from 
mitosis (M) by the short period gap (G,). After mitosis the long 
**presynthetic period’’ (G,) precedes DNA synthesis. During 
synthesis the amount of DNA in the cell doubles. (RNA synthesis 
occurs throughout the whole interphase, as does protein synthesis.) 
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The lymphoid tissue of a mammal would, in aggregate, 
amount to an organ of considerable size. The predominant 
cell type in normal lymphoid tissue is the small lymphocyte; 
yet there is no function of lymphoid tissue that can be attri- 
buted to its content of lymphocytes. Nor is anything known 
about the function of the very large numbers of lymphocytes 
that are diffusely scattered throughout many normal tissues, 
or about those circulating in the blood. The role of lympho- 
cytes in pathological processes has also never been satisfac- 
torily interpreted. 

Although it is traditional to emphasize, in this way, the 
mystery that surrounds the lymphocyte, our ignorance should 
not be the occasion for any great surprise. Experimental 
methods that are commonplace in many other branches of 
mammalian physiology have not often been applied to the 
study of lymphoid tissue and lymphocytes. The subject has 
suffered from an unduly prolonged attack by the methods of 
morbid anatomy. 

This article will be restricted to a discussion of the life- 
history of mammalian lymphocytes, that is, their origin, their 
course through the tissues, their potentialities for development 
into other cell types, and their ultimate fate. The idea will be 
developed that the life-span of the small lymphocytes is pro- 
bably much longer than was at one time supposed, and that 
they continually recirculate from the blood into the lymph, 
to reappear again in the blood. No comprehensive survey of 
the older literature will be attempted; it has been reviewed 
elsewhere (Fichtelius, 1953; Yoffey & Courtice, 1956). 


1. Large, Medium and Small Lymphocytes 


Large numbers of cells enter the blood each day from the 
main lymphatic ducts in the neck. More than 90% are small, 
motile, mononuclear cells with very little cytoplasm and almost 
uniform in size. These are the small lymphocytes. The re- 
mainder are larger cells, some of which possess a strongly 
basophilic cytoplasm. Although they vary considerably in 
size they can be arbitrarily classified as medium and large 
lymphocytes. Mitotic figures can be seen in a proportion of 
the large and medium lymphocytes in stained preparations of 
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fresh lymph, and almost all of them will divide when cultured 
in vitro. There is no good evidence that the small lymphocytes 
ever divide (Hall & Furth, 1938; Gowans, 1957). The relation 
between the large, medium and small lymphocytes is not 
known, but their appearance and behaviour in the living state 
suggest that they belong to the same cell lineage. 

In fixed and stained preparations the large lymphocytes are 
sometimes said to be difficult to distinguish from monocytes 
(blood macrophages). In living preparations, however, there 
is no such difficulty. All the lymphocytes in thoracic-duct 
lymph have a highly characteristic mode of locomotion (e.g,, 
Lewis, 1931, 1933; Clark, Clark & Rex, 1936), they are not 
phagocytic, they do not adhere to glass surfaces and they do 
not respond chemotactically to any known stimulus (Harris, 
1953b). Each of these four points serves to distinguish the 
large lymphocytes from macrophages, which are very rarely 
found in lymph. 


2. Origin and Life-Span of Lymphocytes 


It is generally held that new lymphocytes are formed in the 
lymph nodes. Certainly, large numbers of lymphocytes are 
added to lymph as it passes through a node (e.g., Baker, 1933) 
and there is good evidence that they enter the blood almost 
exclusively by the main lymph ducts (Bunting & Huston, 1921; 
Blalock, Robinson, Cunningham & Gray, 1937). 

In all the mammalian species so far examined, the output of 
lymphocytes from the main lymphatic ducts would replace the 
total number of lymphocytes in the blood several times each 
day. Thus, Hughes, May & Widdicombe (1956) estimated that 
the combined output from the thoracic, cervical, subclavian 
and right lymph ducts of the rabbit would replace all the 
lymphocytes in the blood about 11 times daily, while a similar 
calculation for the rat (Whaler & Widdicombe, 1956) gave a 
value of about 24. These figures emphasize the short time 
spent by lymphocytes in the blood—about two hours in the 
rabbit, and one hour in the rat. Although lymphocytes remain 
in the blood for only a few hours, they can survive for con- 
siderably longer periods, both in the tissues (Ebert, Sanders 
& Florey, 1940) and when cultured in vitro (Hall & Furth, 
1938; Pulvertaft & Jayne, 1953; Gowans, 1957). This suggests 
that the total life-span of lymphocytes in the intact animal 
may be far longer than the time spent by them in the blood. 

Ottesen (1954) injected **P into two human subjects and 
followed its incorporation into the deoxyribonucleic acid 
(DNA) of the lymphocytes in the blood. The specific activity 
of the DNA in the lymphocytes declined rapidly at first, and 
then more slowly. On the assumption that the DNA remains 
chemically unaltered during the lifetime of a cell, an analysis 
of the results suggested the existence of two populations of 
lymphocytes: about 20% had a mean age of 2-3 days, and 
80% a mean age of 100-200 days. It is not possible to say if 
these two populations of cells correspond respectively to the 
large and the small lymphocytes of the thoracic-duct lymph. 

Hamilton (1956, 1957) made a similar investigation by 
injecting ['*C]Jadenine into patients with chronic lymphatic 
leukaemia. At various times after the injection the specific 
activity of the purines in the DNA of the blood lymphocytes 
was determined. The radioactivity declined in two phases, 
rapidly at first, and then slowly with a very prolonged reten- 
tion of radioactivity. An analysis of the curves again suggested 
that there were two populations of lymphocytes, one with an 
average life-span of 85 days and the other with a half-life of 
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about 300 days. Hamilton has suggested that the very pro- 
longed retention of radioactivity in the DNA of the lympho- 
cytes might not indicate cells with a long life-span but might 
be due to the continuous re-utilization of large fragments of 
nucleic acid or nucleoprotein during the formation of new 
lymphocytes. Whether Hamilton’s interpretation of his data 
is correct or not it seems likely that the life-span of at least 
some lymphocytes is very considerably longer than has often 
been assumed. It should, however, be emphasized that 
Hamilton’s figures are for leukaemic cells and that neither of 
Ottesen’s subjects could be regarded as strictly normal. It is 
to be hoped that these important experiments will be repeated 
in experimental animals. 


3. Fate of the Blood Lymphocytes 


It has already been noted that the lymphocytes in the blood 
are being continually replaced by those entering it from the 
lymphatic vessels. In the rat, for example, about 10° lympho- 
cytes enter the blood each day from the thoracic duct alone; 
this is a greater number of cells than is contained in the largest 
lymph node in the rat, the mesenteric node (Gowans, 1958). 
If 10° lymphocytes enter the blood each day, and if the number 
of lymphocytes in the blood remains roughly constant, then 
10° lymphocytes must either be destroyed in the blood each 
day or they must leave the blood for some other destination. 
There is no evidence that lymphocytes are normally destroyed 
on a large scale in the blood. At the present time the con- 
troversy centres on the fate of lymphocytes once they have 
left the blood stream and entered the tissues. There are three 
possibilities. First, lymphocytes might be destroyed in the 
tissues or excreted from them; second, there might be a con- 
tinual transformation of lymphocytes into other cell types; 
third, lymphocytes might recirculate continuously from the 
blood, through the tissues, into the lymph, to reappear again 
in the blood. The most direct experimental approach to this 
problem would be to label lymphocytes in some way, to 
transfuse them into an animal, and then to locate them, at 
various times afterwards, in its tissues. It will be convenient 
to consider the information which has been gained with this 
method under a separate heading. 


a. Destruction and Excretion of Lymphocytes 


Bunting & Huston (1921) suggested that lymphocytes 
emerge from the blood vessels in the intestine and find their 
way into the lumen of the gut between the epithelial cells. 
Although cells which appear to be lymphocytes certainly 
occur in the stroma of the intestinal villi and between the 
epithelial cells, there is no positive evidence that the gut is the 
normal site for the disposal of the blood lymphocytes. The 
idea that lymphocytes that have migrated from the blood are 
utilized or destroyed in the skin also lacks any good experi- 
mental support (Andrew & Andrew, 1949). 

The presence of cell debris within the phagocytic cells in the 
germinal centres has led several workers to suggest that lym- 
phocytes may finally return to the lymph nodes to be destroyed 
(Heiberg, 1927; Ehrich, 1946). It has been proposed further 
that the ingestion of dead lymphocytes by reticulum cells in 
the lymph nodes may act as a stimulus to new lymphocyte 
production and thus regulate the total lymphocyte population 
of the body (Trowell, 1957). The weakness of these arguments 
is that it has never been shown that the intracellular debris is, 
in fact, derived from lymphocytes and, even if it is, that these 
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lymphocytes had returned to the node from the blood. Cells 
may be produced and die within the lymph nodes without ever 
leaving them. The number of cells disappearing from the 
blood each day is, in any case, too large to be accounted for 
by this process alone. 


b. Transformation into other Cell Types 


The small lymphocyte has been regarded by many workers 
as a primitive cell, capable, under suitable conditions, of 
development into other cell types. It has been alleged, for 
example, that small lymphocytes can transform into fibro- 
blasts (Bloom, 1928), granulocytes (Bloom, 1937), macro- 
phages (Rebuck & Crowley, 1955) and plasma cells (Roberts, 
Dixon & Weigle, 1957). While such transformations might 
explain the role of lymphocytes in certain pathological situa- 
tions, they could not account quantitatively for the number 
of lymphocytes that leaves the blood each day. This contro- 
versial topic will, therefore, be only briefly discussed (see 
review by Rebuck & Crowley, 1955). 

The crucial demonstration of the transformation of a small 
lymphocyte into another cell would consist of a continuous 
photographic record of the change in a single, living lympho- 
cyte. The cell would have to show alterations not only in its 
morphological characters but also in its functional properties. 
Thus, if a lymphocyte became a macrophage it would acquire 
phagocytic properties which the original cell lacked. Other 
distinguishing features would include the ability of the cell to 
adhere to a glass surface, its type of movement and its chemo- 
tactic properties (Harris, 1953a, 1953b). No experiment of 
this kind has ever yielded a positive result (e.g., Ebert et al. 
1940; Medawar, 1940). It is impossible to demonstrate a 
transformation in a mixed population of cells (e.g., from a 
lymph node or an exudate) unless the individual cells in the 
mixture are continually observed, and it is quite clear from the 
controversy engendered by this subject that purely morpho- 
logical criteria are inadequate for the identification of the cells 
in such experiments. In my view, the transformation of a 
small lymphocyte into any other cell type never has been 
demonstrated unequivocally. The large and medium lympho- 
cytes appear to be more likely candidates for development into 
other cell types. They divide, and some possess staining 
characteristics that some morphologists would attribute to 
primitive cells. 

One type of transformation is held to explain the normal 
fate of the blood lymphocytes. It has been proposed that 
lymphocytes are continually filtered from the blood by the 
bone-marrow where they become stem cells from which 
erythrocytes and possibly granulocytes are formed (Yoffey & 
Courtice, 1956; Harris, 1956). However, the morphological 
methods of these experiments cannot provide proof of the 
transformation of lymphocytes into stem cells in the marrow. 
A functional link between the activities of lymphocytes and 
those of the marrow has never been demonstrated. Sjévall 
(1936) found that, if a rabbit was bled repeatedly so as to 
produce a chronic anaemia, there was no increased activity 
in the tissues that produce lymphocytes although there was 
great haemopoietic activity in the bone-marrow. When rat 
bone-marrow is injected into x-irradiated mice, it recolonizes 
the damaged marrow of the mice, and rat erythrocytes appear 

in the blood (Makinodan, 1956). Powerful support for 
Yoffey’s ideas would be provided if the injection of rat 
thoracic-duct lymphocytes into an x-irradiated mouse led to 
the appearance of rat erythrocytes in its blood. 
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c. Experimental Transfusion of Lymphocytes 

Several workers have studied the fate in the animal of sus- 
pensions of lymph node cells (Osogoe, 1950; Farr, 1951) and 
of thymus cells (Osogoe & Hitachi, 1950; Fichtelius, 1953) 
after their injection into the blood. The transfused cells were 
found in a variety of situations, including the spleen, liver, 
lymph nodes and bone-marrow. It is difficult to assess the 
relevance of these experiments to the normal fate of the 
lymphocyte since a lymph node contains a highly complex 
mixture of cells, and it has yet to be established that the 
thymocytes and the lymphocytes in the blood are physiologi- 
cally identical. Weisberger, Heinle, Storaasli & Hannah (1951) 
injected into the blood of a rat a concentrated suspension of 
32P.Jabelled lymphocytes that had been collected from the 
intestinal lymphatics of a number of other rats. Ten to fifteen 
minutes after the injecfion, the greatest proportion of the 
radioactivity was found in the lungs and in the spleen. The 
viability of the transfused cells in this experiment was not 
tested and it is, moreover, not surprising that a concentrated 
suspension of cells should be held up in the lungs for a while 
after its injection into the blood. 

Theoretically, experiments of this kind should provide the 
crucial demonstration of the fate of lymphocytes in the animal, 
and it is worth listing the ideal technical requirements for such 
experiments. First, the cells to be transfused must be those 
that normally enter the blood, i.e., lymphocytes from the main 
lymphatic ducts. Second, the transfused cells must be alive, 
as judged by some biological criterion, e.g., motility. Third, 
the cells should be transfused at approximately the rate at 
which lymph and lymphocytes normally enter the blood. 
Fourth, the donor and recipient animals should be genetically 
identical. A number of experiments in which an attempt was 
made to meet these requirements are described in the next 
section (Gowans, 1957, 1958). 


d. Recirculation of Lymphocytes from Blood to Lymph 

Sjévall (1936) found that repeated bleeding caused the blood 
lymphocyte count of rabbits to fall, and to persist at a low 
level. The loss of lymphocytes from the blood was not 
matched by any histological evidence of an increase in the 
production of lymphocytes; in fact, the lymph nodes atro- 
phied. From this and other evidence Sjévall concluded that 
the rate of new lymphocyte production in the animal must be 
very low and that lymphocytes must normally recirculate in 
large numbers from the blood into the lymph; he suggested 
that they entered the tissue spaces and returned to the blood 
via the peripheral lymphatics. A small-scale recirculation of 
this kind probably does take place through most of the tissue 
spaces of the body; lymphocytes have been found in the peri- 
pheral lymphatics from the limbs (Yoffey & Drinker, 1939) 
and from the intestine (Baker, 1933), but, numerically, these 
cells would account for oniy a small fraction of the normal 
thoracic-duct output. 

The idea of a rapid turnover of the blood lymphocytes was 
originally deduced from the large output of cells during the 
first day after cannulation of the thoracic duct. However, 
Mann & Higgins (1950) showed that, if the drainage of lymph 
from the thoracic duct of unanaesthetized rats was continued 
for more than one day, a considerable fall in the lymphocyte 
output occurred. By the fourth day it had fallen by about 70% 
of its initial value, although the daily volume of lymph re- 
mained unchanged. Gowans (1957) showed that this fall in 
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lymphocyte output could be prevented if all the lymph and 
lymphocytes issuing from the fistula were continuously re. 
infused into the blood of the rat, as would have occurred in 
the intact animal. These experiments suggested that the out- 
put of lymphocytes from the thoracic duct was in some way 
related to the continuous entry of living lymphocytes into the 
blood. This relationship was studied further by transfusing, 
into the blood of one rat, lymphocytes obtained from the 
thoracic duct of other rats belonging to the same inbred strain 
(Gowans, 1958). Under a variety of conditions, such trans- 
fusions caused an increase in the output of lymphocytes from 
the thoracic duct of the recipient rat. This increase, amounting 
to about 80% of the transfused cells, was not due to the for- 
mation of new cells in the lymph nodes of the recipient rat, 
since an examination of the cells issuing from its thoracic duct 
showed that virtually all the small lymphocytes contained 
DNA that had been synthesized before the start of the 
transfusion. This was demonstrated by infusing a specific, 
radioactively-labelled precursor of DNA (tritium-labelled thy- 
midine) into one vein of the recipient rat, while lymphocytes 
were being transfused into another. Those cells in the thoracic 
duct that had synthesized DNA during the infusion of the 
tritium-labelled thymidine could then be readily identified in 
autoradiographs. Almost all the large and medium lympho- 
cytes became heavily labelled. More than 90% of the thoracic- 
duct cells in these experiments were small lymphocytes but 
less than 2% of them became radioactively labelled. If the 
increase in the output of cells from the thoracic duct of the 
recipient rat was not due to the formation of new cells, then 
it was likely that the transfused lymphocytes had passed 
directly from the blood into the lymph. When *P-labelled 
lymphocytes were transfused, radioactive lymphocytes rapidly 
appeared in the thoracic duct of the recipient. This was 
regarded as the crucial demonstration that the transfused cells 
had recirculated. 

Further experiments with tritium-labelled thymidine showed 
that a very small proportion of the small lymphocytes in the 
thoracic duct of a freshly cannulated rat were newly formed 
cells, and that no store of newly formed lymphocytes remained 
in the lymph nodes. If the rate of new lymphocyte production 
in the lymph nodes does not keep pace with the output of cells 
from the thoracic duct, then the output can be maintained 
only if old cells continually return to the lymph from the 
blood. The low rate of formation of new small lymphocytes 
is further evidence for their long life-span in the normal 
animal. 

It is concluded that the great majority of cells in the thoracic 
duct (and by inference those entering the blood from the other 
main lymphatics) are cells that have recirculated from the 
blood, and that lymphocytes repeatedly traverse this circuit 
during their lifetime. The route taken by the cells in passing 
from the blood into the lymph is not known. However, since 
new lymphocytes are formed in the lymph nodes at a relatively 
low rate, and large numbers of lymphocytes are added to the 
lymph as it traverses a node (Baker, 1933), it would seem 
plausible to suggest that the main channel of recirculation is 
through the lymph nodes. If future experiments show this 
suggestion to be correct, then the lymph nodes of an animal 
must be pictured as organs repeatedly traversed by a constantly 
mixing population of small lymphocytes. 

The fate of the large and medium lymphocytes is not known, 
but they may have a life-history quite distinct from that of the 
small lymphocyte. The demonstration of a recirculation 
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and throws no light on the ultimate fate of the small lymphocytes; these cells may be re-utilized as Hamilton (1956) has sug- 
1 Te but if they have a long life-span, then the numbers normally gested, or they may meet a more conventional end in the 
d in dying each day must be relatively small. The fragments of reticulo-endothelial system generally. 
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In the last ten years great advances in techniques have led 
to a revolution in thinking about the mature red blood cell. 
It can no longer be written of as “‘nothing but a minute drop 
of coloured fluid enclosed by a delicate envelope” (Sharpey- 
Schafer, 1934) and must be regarded as a functioning unit as 
complex as any other cell. Many of its specialized adaptations 
are well known but perhaps the most fascinating of them all 
is the ability of the red cell to survive repeated circulation 
through the vascular system for a period of 120 days. It is 
this function, and the chemical factors which permit it, that 
are reviewed here. The structure of haemoglobin is discussed 
in other contributions.' 


1. Normal Structure and Metabolism of Red Cells 


The surface of the red cell presents a lipid barrier water- 
repellent to the aqueous phase of the plasma. This limits the 
movement of aqueous solutes into and out of the cell. Prob- 
ably there are “pores” in the lipid structure through which 
water can pass, and diffusion of ionized particles may be 
facilitated or impeded by polar groups arranged at these sites. 
The lipid surface appears to be loosely bound to a protein 
layer which is insoluble and almost fibrous in character. The 
protein probably imparts some degree of rigidity to the whole 
cell, and if contractile in nature may help to maintain the 
unusual biconcave shape. x-Ray diffraction studies indicate 
that a region of low organization exists in the interior of the 
cell, so it is likely that the more highly organized surface 
structure does not penetrate through the whole interior of the 
cell. It is well known that haemoglobin readily escapes from 
haemolysed cells. A certain amount, however, still remains 
firmly bound to the residue, the stroma or “ghost”, and can 
be removed by washing only with difficulty. As in the case 
of haemoglobin, various enzymes within the cell are partly 
freely removable and partly attached to the stroma, and it also 
seems that some inorganic ions, which are probably involved 
in the lipid-protein bonding, remain attached to the stroma. 





* See papers by Ingram (p. 27) and by Rimington (p. 19) in this number of the 
Bulletin.—Ep. 
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Metabolically the cell is very active and the processes 
involved are becoming better understood. The existence of 
concentration gradients and electrical equilibria ensures that 
water, and chloride and bicarbonate ions, move freely in and 
out of the cell. The movement of sodium and potassium ions 
is regulated by a metabolic control which maintains intra- 
cellular and extracellular concentrations at very different 
levels. Since the cell contains about 35% haemoglobin it is 
potentially osmotically unstable, although the net excess 
osmotic pressure contributed by this protein is small. Without 
energetic maintenance of the normal electrolyte equilibria, 
the excess osmotic pressure would lead to ultimate bursting 
of the cell. 

The energy for the vital activities of the cell is derived from 
the anaerobic breakdown of glucose by familiar glycolytic 
steps. A small amount of glucose would appear to be utilized 
in the hexose monophosphate shunt, permitting a limited 
amount of oxidation and reduction by hydrogen transport, 
but without much oxygen utilization. Little is known about 
the activity of this pathway in the red cell, but recent work 
suggests that it may be important, particularly in certain 
haemolytic states; it is probably through this pathway that 
nucleosides are metabolized. 

The lipids consist of cerebrosides, phospholipids, and 
cholesterol, and are readily removed by washing with lipid- 
free solutions. Most of them are actively synthesized even by 
the mature red cell, but cholesterol appears to be in passive 
equilibrium with that in the plasma. The pathways involved 
in such syntheses may well be peculiar to the red cell, since it 
appears to be deficient in coenzyme A. 

There is an abundance of glutathione in the red cell which 
exists mainly in the reduced form, and its maintenance in this 
state must be the result of metabolic processes in the cell. The 
necessary reaction is probably linked to the oxidation of 
glucose 6-phosphate in the manner shown below. 


glucose 6-phosphate 











G 6-P + TPN PG + TPNH + H 
dehydrogenase 
glutathione 
GSSG + TPNH + H = 2GSH + TPN 
reductase 


G 6-P: glucose 6-phosphate 

TPN and TPNH: oxidized and reduced triphosphopyridine nucleotide 
GSSG: oxidized glutathione 

PG: 6-phosphogluconate 

GSH: reduced glutathione 


The large amounts of glutathione in the cell may prevent 
oxidation of haemoglobin by extraneous substances. There 
is, of course, in addition a very similar redox system con- 
cerned in the continual maintenance of haemoglobin in a 
reduced state. 

The functions of other enzymes besides those concerned in 
the reactions already mentioned are largely unknown. 
Cholinesterase is present in the stroma and there has been 
much speculation as to its function; some enzymes from the 
tricarboxylic acid cycle are also present, a nucleoside phos- 
phorylase which has been utilized in an unphysiological way 
in blood storage, and such better-known enzymes as catalase, 
carbonic anhydrase, methaemoglobin reductase. Further 
details about the chemical constitution and metabolism of the 
red cell can be found in recent reviews (Granick, 1949; 
Ponder, 1954; Prankerd, 1956). 
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TABLE |. LIPID CONTENT OF RED CELLS IN VARIOUS ANAEMIAS (adapted from Erickson, Williams, Hummel, 
Lee & Macey, 1937; Erickson, Williams, Hummel & Macey, 1937) 














Total lipid Cholesterol Phospholipid Cerebroside 
mg./cell mg./sq. 2 mg./cell mg./sq. 2 mg./cell mg./sq. uw mg./cell mg./sq. 2 
Normal red cells 399 2.6 110 233 1.4 44 0.31 
Sickle-cell anaemia 493 2.9 167 258 1.6 40 0.26 
Hereditary spherocytosis 345 2.6 11 185 ‘3 20 0.18 
lron-deficiency anaemia 368 a7 119 207 1.5 29 0.27 
Pernicious anaemia 414 22 105 217 1.2 30 0.12 
All values x 10-22 
2. Chemical Changes in Haemolytic Anaemia tive variations. In iron-deficiency anaemia there were normal 


amounts of lipids; the changes found in thalassaemia could 





a. Lipids not, therefore, have been a result of the haemoglobin deficit 

A most exhaustive study of the red-cell lipids was made by in the cells. In pernicious anaemia Harris and her colleagues 
Erickson and her colleagues (Erickson, Williams, Hummel, found the lowest concentrations of lipid and there was a 
Lee & Macey, 1937; Erickson, Williams, Hummel & Macey, suggestion that those patients with the lowest quantities of 
1937). Since then scant attention has been paid to them. lipid also had changes of subacute combined degeneration of 
These workers analysed cholesterol, phospholipid, and neutral the cord. 
fat (mainly cerebrosides in red cells) in a number of anaemias Two groups of workers have reported differing abnormali- 
in children, with some interesting results. Unfortunately they ties in the lipids of the cells of patients suffering from paroxys- 
quoted the quantities of each lipid per cell, but did not mal nocturnal haemoglobinuria (PNH). Harris, Prankerd & 
relate the amounts to the surface area. Lipids function as Westerman (1957) found a marked specific deficit of phospha- 
binding substances of the protein in the cell membrane, and tidylcholine but the total phospholipids were normal, and the 
reduction in the concentration of lipid per unit surface area deficit in phosphatidylcholine was compensated by an excess 
of the cell will diminish the efficiency of bonding and so lead of phosphatidylserine. Munn & Crosby (1957) have reported 
to instability of the surface membrane. This fact has been differences in the relative concentrations of fatty acids in 
clearly demonstrated by the experiments of Lovelock (1955) PNH; they found an excess of arachidonic and pentanoic 
in denuding the cell of lipid with alumina, and of Harris, acids and a deficiency of oleic acid. Lovelock & Prankerd 
McAlister & Prankerd (1957) who showed that cells treated (unpublished work)? confirmed this with the aid of gas-flow 
thus survive only a short time in the circulation. chromatography, and extended their results to include ab- 

The data of Erickson and her colleagues have been recal- normalities of saturated fatty acids also. In all studies on the 
culated with the aid of data on erythrocytes taken from their red cells of patients with haemolytic anaemias, it is important 
papers; their results are expressed as lipid concentrations per to remember that the population of cells studied is hetero- 
sq. u of red-cell surface (Table I). Certain differences in lipid geneous and that the sample often contains an abnormal pro- 
content are apparent. Thus, in pernicious anaemia the cell portion of very young cells which may differ in their chemical 
was very deficient in all groups of lipid. Whether these constitution. Certainly there is an increase in lipid content 
changes were related to the presence of subacute combined of the cells in pernicious anaemia during the development of 
degeneration is not clear. In hereditary spherocytosis there a reticulocytosis, but this may just be part of the return 
was a slight deficit in lipid due to lowering of the cerebroside towards normal following treatment. Because of the different 
fraction, and in sickle-cell anaemia the lipids were increased on densities of old and young cells it is, however, possible to 
account of the presence of excessive cholesterol and phospho- separate them by centrifuging the blood in a suitable medium. 
lipid. There was no change in iron-deficiency anaemia. Their In this way I have found differences between the top and 
data on two cases of erythroblastic anaemia (probably bottom of a column of centrifuged cells, the younger cells 
thalassaemia) have been excluded because of wide errors of tending to have slightly higher lipid concentrations than the 
duplicate estimations. older (Prankerd, 1958), but these differences are not great 

Harris, Prankerd & Westerman (1958, unpublished) have enough to account for the changes already discussed. 
recently estimated the lipids in various inherited haemo- Of the lipid anomalies discussed above, three stand out as 
lytic anaemias, and in addition have estimated the various being of possible clinical significance: the thalassaemic cell 
phospholipids separated chromatographically. Amongst the which is deficient in lipid, the even more greatly depleted cell 
group of inherited anaemias their results agree with Erickson’s in pernicious anaemia, and the PNH cell, which lacks phos- 
in that they find an increase in all groups of lipids in sickle-cell phatidylcholine and has an abnormal fatty acid constitution. 
anaemia. In hereditary spherocytosis a slight excess of all It is too early yet to be certain how these abnormalities are 
fractions of lipid was found; thalassaemic cells on the other related to the shortened cell life-span but they should serve to 
hand showed a marked deficit of lipid, especially of cerebro- stimulate further research. 
side, with some increase in phospholipid. In all these diseases : oF EARS TN ERT ANRC 
the individual phospholipid fractions did not show any rela- cman tate eee tale ee .  /— i—rrrrtied 
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b. Proteins 


Apart from the haemoglobin the proteins of the red cell are 
mostly in the stroma and to a very small extent in the various 
enzymes involved in metabolism. The properties of the stroma 
proteins have attracted little attention but it seems possible that 
they may determine the crucial defect in some abnormal cells. 

Stroma proteins are difficult to study because of their rela- 
tive insolubility. However, when suitably in solution, electro- 
phoresis reveals three components; two are mobile and one is 
not (Prankerd & Altman, 1954). I have examined a number 
of cells from different haemolytic conditions in this manner 
and the mobility of their stromal proteins has not differed 
from the normal. 

In many auto-immune haemolytic anaemias the cell con- 
tains an additional protein, owing to the adsorption of the y- or 
8-globulin antibody.* This antibody alters the agglutinating 
property of the cells and may lead to clumping of cells in 
stagnant areas of the circulation (Jandl & Castle, 1957). In 
a few instances it does appear that cell metabolism may be 
disordered also, but it is too early yet to assess the significance 
of this change (Storti, Vaccari & Baldini, 1956). 


3. Metabolic Changes in Haemolytic Anaemia 
a. Glutathione 


Glutathione in a reduced form (GSH) exists in abundance 
in the red cell. In general, reduced glutathione acts as a 
hydrogen donor in many chemical reactions; in the red cell 
it probably takes part in several metabolic processes, but these 
at present are not clear. It would appear to have an important 
function as a redox catalyst in conjunction with the pyridine 
nucleotide coenzyme (see section 1), and may well be involved 
in the reduction of methaemoglobin. 

Fegler (1952) has produced evidence showing a close rela- 
tionship between the cell concentration of reduced glutathione 
and its liability to haemolysis during procedures designed to 
oxidize glutathione. He has suggested that glutathione is 
important in maintaining the integrity of structure of the 
erythrocyte. 

The work of Beutler, Dern, Flanagan & Alving (1955) has 
recently focused attention on the function of glutathione in 
the red cell. They showed that the haemolytic sensitivity of 
negroes to primaquine was associated with a deficiency of 
reduced glutathione in the cell. The deficiency appeared to 
have a genetic basis and occurred in about 10% of American 
negroes; in these individuals an excess of oxidized glutathione 
(GSSG) was found. Heinz bodies were also frequently present 
in the cells, and the anaemia was self-limiting over the course 
of 2-3 days. 

Beutler (1957) also showed that the concentration of 
reduced glutathione in exposed cells diminished in the pres- 
ence of certain oxidizing substances. This he adapted as a 
test of glutathione stability. In this test, blood is incubated 
with acetylphenylhydrazine, and the fall in concentration of 
glutathione is measured. In patients who were susceptible to 
primaquine haemolysis, a more pronounced fall in glutathione 
concentration was observed than in normals, and Heinz bodies 
appeared in the cells. 

As a corollary to these observations, a fault might be 
expected in the normal mechanisms for maintaining the re- 
action GSSG ——> GSH in the red cells of susceptible people, 
and Carson, Flanagan, Ickes & Alving (1956) have produced 


* See also Dacie, p. 67 of this number of the Bulletin.—Ep. 
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evidence for this by studying the TPN-dependent conversion 
of glucose 6-phosphate to 6-phosphogluconate. Utilizing 
synthetic substrates and erythrocyte enzyme extracts, they 
have concluded that this reaction is less active in susceptible 
subjects, owing to a deficiency of the enzyme glucose 6-phos- 
phate dehydrogenase. The chemical reactions taking part in 
glutathione reduction and the oxidation of glucose have been 
mentioned earlier (see section 1). 

The work of Schrier, Kellermeyer, Carson & Alving (1957) 
suggests that an excess of glutathione reductase is present in 
the affected cells and that this may partially compensate for 
the reduction of glucose 6-phosphate dehydrogenase activity 
by increasing the formation of TPNH. Hence the principal 
defect in these cells is a lack of dehydrogenase enzyme. 

The original observations on primaquine haemolysis have 
now been extended to other haemolytic anaemias. Szeinberg, 
Sheba, Hirshorn & Bodonyi (1957) have studied haemolytic 
sensitivity to sulphonamides, p-aminosalicylic acid, and the 
fava bean in certain Middle-Eastern Jews and found that 
haemolysis in these circumstances was also associated with 
low levels of glutathione in the red cells. There was less 
reduced glutathione as well as a reduction in total glutathione 
and a positive test for glutathione instability. These workers 
also found reduction in the activity of glucose 6-phosphate 
dehydrogenase. These abnormalities show a definite racial‘ 
incidence and appear to be transmitted on a genetic basis. 
The findings of Szeinberg and co-workers differ from those 
reported in negroes by Beutler and co-workers (Beutler, Dern 
& Alving, 1954; Beutler et a/. 1955) in the reduction of total 
glutathione content; in the absence of Heinz bodies; and in 
the fact that the haemolysis in favism is not self-limiting. 

Certain apparent anomalies remain to be explained. First, 
haemolysis does not occur in vitro when the cells and the 
offending agent are incubated together although the in-vivo 
haemolysis is associated with haemoglobinaemia. Secondly, 
following one episode of haemolysis, the agent can be re- 
administered within the next month without causing a recur- 
rence of haemolysis although the glutathione concentrations 
in the cells remain abnormally low. Beutler et al. (1954) have 
shown that the latter phenomenon, and the self-limitation of 
the anaemia, result from a rapid elimination of old cells 
during the haemolytic attack, and that the surviving young 
cells are no longer sensitive to haemolysis although their gluta- 
thione contents are reduced. Thirdly, low glutathione levels 
have been observed in the red cells in various conditions that 
are not associated with haemolysis (e.g. diffuse liver disease and 
schizophrenia (Henneman, Altschule & Goncz, 1954)); in these 
conditions the low glutathione concentration does not appeat 
to be the result of the administration of any drugs. Finally 
some patients with low glutathione concentrations in their red 
cells are not susceptible to favism (Szeinberg et al. 1957). It 
appears, therefore, that an additional factor is involved. The 
actual mechanism of haemolysis remains unknown. 

Recent work suggests that sensitivity to other drugs may 
involve glutathione reduction mechanisms. Kimbro, Sachs & 
Torbert (1957) have reported that some negroes who also 
show the typical sensitivity to primaquine are liable to get 
haemolytic attacks when taking nitrofurantoin. It has also 
been suggested that low erythrocyte glutathione concentra 
tions predispose neonates receiving naphthalene or vitamin 
K analogues to haemolysis (Zinkham & Childs, 1957). 





* See also Szeinberg, A., Sheba, C. & Adam, A. (1958) Blood, 13, 1043.—Eb. 
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b. Glycolysis 


Defects in red-cell glycolysis have now been reported in a 
number of congenital haemolytic anaemias, and in some 
instances of immune haemolysis. The subject has been re- 
viewed elsewhere (Prankerd, 1957), and the following account 
is only an outline. 


Congenital Haemolytic Anaemias 


i. Hereditary Spherocytosis (HS). Glucose utilization by 
these cells occurs at a normal rate when correction is made 
for the increased proportion of reticulocytes; however, the 
glycolytic degradation of glucose within the cell is abnormal, 
although the precise enzyme defect involved is still obscure. 

The evidence, derived from study of these cells in vitro with 
(**PJorthophosphate (Prankerd, Altman & Young, 1955), 
suggested a deficient ability to phosphorylate certain phos- 
phate esters, namely adenosine triphosphate (ATP) and 2:3- 
diphosphoglycerate (DPG). In some cases studied, but not in 
others, it was possible to reverse the defect by using nucleo- 
sides as substrates instead of glucose. In addition HS cells 
have been found to be abnormally sensitive to the action of 
fluoride, which inhibits the uptake of **P in concentrations 
far less than are required for the same effect in normal cells 
(Tabechian, Altman & Young, 1956). It appears that this 
inhibition can also be reversed by the presence of nucleosides. 
Possible metabolic blocks which have been discussed pre- 
viously are shown in fig. 1. 

It is uncertain whether these defects of glycolysis are the 
primary disturbances in HS cells. It is possible that the 
changes observed result from a deficiency of an enzyme such 
as enolase and that the slight lipid changes that have been 
observed are secondary to this. It does appear, however, that 
this condition may not be a single genetic disturbance, but a 
complex one, subdivisible according to whether the metabolic 
abnormality can be reversed by nucleosides or not. 

Whatever the metabolic defect in HS cells, it clearly does 
not jeopardize the survival of the cells in the extra-splenic 
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circulation. On the other hand, once within the spleen they 
appear to be more susceptible to haemolysis than normally 
metabolizing cells which have been made spherical artificially 
(Harris, McAlister & Prankerd, 1957), and there seems to be 
no doubt that it is their defective metabolism that predisposes 
them to haemolysis in this organ. 

ii. Congenital Non-Spherocytic Haemolytic Anaemia. These 
anaemias were first distinguished from the former condition 
by Dacie, Mollison, Richardson, Selwyn & Shapiro (1953). 
They appear to fall into two main classes according to the 
presence or absence of a cellular metabolic defect (Selwyn & 
Dacie, 1954). Some of the bloods studied by these workers 
showed severe deficiencies in glucose utilization, and I have 
found similar defects associated with gross derangement of 
intracellular phosphorylation (Prankerd, 1957). The meta- 
bolic defect in these disorders appears to be so severe that 
haemolysis occurs throughout the circulation, and the 
behaviour of these cells thus resembles that of those which 
have been poisoned with sodium arsenate and in which 
glycolysis is completely arrested (Harris, McAlister & 
Prankerd, 1957). It is understandable, therefore, why these 
anaemias do not respond to splenectomy. With further bio- 
chemical study subdivisions in this group will undoubtedly 
be found. 

Immune Haemolytic Anaemias. Metabolic data on cells in 
these disorders are scanty. The author has found abnormali- 
ties in some instances but the results have been variable and 
not specific. The effect of certain antibodies in diminishing 
red-cell glycolysis has already been referred to (Storti et al. 
1956). It is also possible, with some antibodies, to inhibit the 
synthesis of cell lipids in in-vitro experiments, but this work 
requires further elaboration (Prankerd, unpublished). Green- 
walt & Ayers (1956) have studied phosphate partition in the 
red cells of infants with haemolytic disease of the new-born. 
They found significant variations from normal of the intra- 
cellular fractions; these fractions behaved differently from 
normal in haemolytic disease when the cells were stored at 
low temperatures. 


FIG.1. POSSIBLE METABOLIC BLOCKS AND ALTERNATIVE METABOLIC PATHWAYS IN RED CELLS IN HEREDITARY 
SPHEROCYTOSIS (metabolic block indicated at broken line) 
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4. Conclusion 


Rational chemical explanations are emerging for the 
mechanisms by which red cells are destroyed in the body. 
Ten years ago this field was practically unexplored, but new 


knowledge is now accumulating rapidly. In other fields of 
medicine, knowledge of disease mechanisms contributes to 
advances in treatment and it is to be hoped that this will soon 
occur in the realm of these anaemias. 
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A haemolytic disease is one in which the average survival time 
of the red cells is shorter than normal. Sometimes the diag- 
nosis can be made by recognizing a red-cell abnormality, such 
as spherocytosis, known to be associated with a reduced life- 
span; or can be inferred from the finding that the patient 
remains anaemic despite a raised reticulocyte count. In other 
cases, and especially when the haemolytic process is mild, the 
diagnosis can be made only by directly measuring red-cell 
survival; such measurements therefore play an indispensable 
part in haematological diagnosis. 

The main outlines of knowledge of red-cell survival in 
health and disease were gained by application of the method 
of differential agglutination. In this method, red cells that are 
serologically distinguishable from those of the recipient are 
transfused. In samples of blood taken from the recipient 
subsequently, the number of transfused red cells can be 
counted after agglutinating out the red cells of the recipient. 
This method was first used to measure the survival time of 
normal red cells transfused into patients, and was later used 
to measure the survival of abnormal red cells in normal or re- 
latively normal subjects. (For references to some of the early 
papers in this field, see Mollison, 1956, chapters 5 and 6.) 

Application of the method of differential agglutination 
showed that haemolytic anaemias could be divided into two 
main classes: those in which the patient produced faulty red 
cells incapable of surviving for as long as normal red cells, 
and those in which patients produced normal red cells whose 
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survival was curtailed by a haemolytic process, destroying red 
cells at random. 

The method of differential agglutination can be applied only 
when the red cells of donor and recipient differ in antigenic 
constitution, and thus cannot be applied to a study of the 
subject’s own red cells in his own circulation. For this reason 
alone the introduction of the *'Cr method, which enables any 
sample of red cells to be labelled in vitro, would have been 
valuable. However, an even more important reason why the 
introduction of the **Cr method brought about a revolution 
in the measurement of red-cell survival is its great ease. It is 
a method which yields reproducible results with the exercise 
of a relatively small amount of care. By contrast, all those 
who have used the method of differential agglutination will 
agree that reliable results can be obtained only at the expense 
of many hours of work. 

No other methods of estimating red-cell survival are in 
common use. It is possible to label red cells with **Fe, #*C, 
15N or *2P, but for a variety of reasons none of these labels is 
as satisfactory as ®'Cr for the measurement of red-cell survival. 

Measurement of the survival and destruction of red cells in 
haemolytic syndromes will be dealt with in the present paper 
as follows: first, the method of differential agglutination will 
be described, together with the main survival patterns which 
the use of this method reveals. Then the Cr method will be 
described, together with the method of deducing true red-cell 
survival from ®Cr survival curves; next the reliability of cross- 
transfusion experiments will be discussed in the light of infor- 
mation obtained by comparing the survival of red cells in 
their own circulation with that in the circulation of another 
subject. 

Finally, practical applications of the ©'Cr method will be 
considered, together with ancillary investigations which can 
be made after the injection of *'Cr-labelled cells, namely, esti- 
mation of blood loss in the stools in cases of gastrointestinal 
bleeding, and surface counting over the liver and spleen to 
estimate the relative role of these organs in red-cell destruction 
in haemolytic syndromes. 


1. Results Obtained by Differential Agglutination 
a. Method of Differential Agglutination 


If quantitative estimates are to be made by this method the 
red cells to be transfused must lack some antigen that is 
present in the red cells of the recipient. In practice, transfusion 
of group O blood to a group A recipient or of N blood to an 
M recipient is most often used, since it is easier to get a really 
potent anti-A or anti-M serum than any others. For precise 
results the sera must be so potent that under the conditions of 
the tests all but a few thousand/mm.* of the recipient’s 
own cells are agglutinated. Easily the best anti-A sera so 
far described have been produced in rabbits, using the 
artificial A antigen described by Morgan (1943). Anti-M 
agglutinin produced in rabbits is also better than the natur- 
ally occurring anti-M agglutinin found occasionally in human 
sera. 

Apart from the use of suitable antisera, the technique of 
centrifuging the mixture of cells and antiserum helps to ensure 
virtually complete agglutination (Dacie & Mollison, 1943). 
For accurate work, venous samples (rather than skin-prick 
samples) should be used, and, to minimize errors in making 
dilutions, volumes of the order of 0.5 ml. should be pipetted 
and diluted in volumetric flasks as advised by Young & 





RED-CELL SURVIVAL IN HAEMOLYTIC SYNDROMES PP. L. Mollison 








i i FIG. 1. SURVIVAL OF TRANSFUSED RED CELLS ESTIMATED 
ae ng —nang coe ey tematigne ax BY THE METHOD OF DIFFERENTIAL AGGLUTINATION 
b. Main Patterns of Red-Cell Survival Revealed by the 100 Gra 
Technique of Differential Agglutination radiog 
In normal subjects, when the percentage of surviving quite 
cells is plotted against time on arithmetical graph paper trival 
the points fall on a straight line which cuts the time axis 75 descr 
at between 110 and 120 days. This is what would be mixed 
expected if all red cells had a life-span of 110-120 days of fou 
and left the circulation only at the end of this time. If of m¢ 
an appreciable proportion of red cells had a life-span 50 the fc 
shorter than the average, the curve would be initially and : 
steeper and would then flatten. Mills (1946) has pointed oo 
out that the average life-span of the red cells is ob- The . 
tained by drawing a tangent to the initial slope of the final 
survival curve and determining the point at which this ” calibr 
extrapolated tangent cuts the time axis. Thus, in de- cal . 
termining the true average life-span of red cells it is <a 
essential to know whether the loss of red cells is greater tage 
in the first 24 hours than it is subsequently. this ¢ 
Normally it is not possible to make accurate esti- red ¢ 
mates of survival during the 24 hours after transfusion Abscissae: days after transfusion chros 
because of disturbances in blood volume. However, Ordinates: percentage survival of transfused red cells prod 
this difficulty can be overcome if a measured number Curve N: survival of normal red cells in a normal recipient Gan 
of red cells is transfused and red-cell volume is then Curve E: survival of normal red cells in a subject with an extrinsic haemo- Jones 
determined by an independent method. In a small series lytic mechanism (idiopathic acquired haemolytic anaemia) = 
: . Curve |: survival of red cells from a patient with an intrinsic red-cell after 
of cases in which such measurements were made, the defect (paroxysmal nocturnal haemoglobinuria) (from Dacie & the d 
mean survival of red cells 24 hours after transfusion Mollison, 1949) pare 
o 

neste Coanteek poveate | Suen an ae The dotted lines represent extrapolation of tangents to the curves at zero pete 
evidence is certainly against the idea that the initial ye > 
part of the survival slope is steeper than it is subse- ote 
quently. Thus, in normal subjects the tangent to the initial in this case that the average life-span of the PNH red cells in ; nai 
slope is identical with the slope, and the point at which the original patient was six days rests on the assumption that aw 

this slope cuts the time axis is the average life-span of the their survival was not influenced by transferring them from 

cells. the patient’s own circulation to the circulation of a normal 

If there were much variation in life-span amongst normal recipient. This assumption may lead to considerable error, as 
cells, the end of the curve would be expected to display a will be discussed in section 3. WwW 
“tail”; that is, supposing that the early part of the curve, and | 
when extrapolated, cut the time axis at 120 days, a small : ; ; , This 
percentage of cells would nevertheless be found in the circu- d. Survival of ous Red = el oe n Patients with a Random beca 
lation at 120 days and for many days thereafter. Survival a Sen deca 
curves do occasionally show such “tails”, and Dornhorst Curve E (fig. 1) shows the survival of normal red cells in TI 
(1951) has pointed out that if these could be accurately defined the circulation of a patient with acquired haemolytic anaemia. chro 
it would be possible to deduce from them the coefficient of The average life-span of the red cells may again be estimated loss’ 
variation of life-span. Thus, he has shown that this coefficient by drawing the tangent to the initial slope and extrapolating (Mo 
is approximately 2.5 times the percentage survival at the this to the time axis. Since the slope is curvilinear throughout loss, 
“‘mean cell life’. It has been estimated that the coefficient of it is not easy to draw the tangent precisely, and fortunately the | 
variation in normal human subjects may be of the order of there is an easier method of estimating life-span. Dornhorst same 
5% (Mollison, 1956, p. 126). (1951) has shown that, when the survival curve is a simple of re 
exponential, the average life-span of red cells is given by the is le 
c. Survival of Red Cells with an Intrinsic Defect time taken for survival to fall to 37%. Figure 1 shows that Jone 
Curve I in fig. 1 shows the survival of red cells from a the point of 37% survival and the point where the tangent to “elu 
patient with an intrinsic red-cell defect, in this case paroxysmal the initial slope cuts the time axis are identical for curve E, TI 
nocturnal haemoglobinuria (PNH); the initial part of the slope whereas for curve I the point of 37% survival is reached very proc 
is linear, but after about 60% of the cells have left the circula- slightly (0.4 days) earlier than the point at which the tangent inta 
tion the slope rather abruptly becomes less steep. Mean cell to the initial slope cuts the time axis. SECO 
life is estimated by extrapolating this initial slope to the time When the curve is suspected of being a simple exponential it loga 
axis. The flatter part of the curve represents cells with a life- is more convenient to plot the points on semi-logarithmic igno 
span longer than the average, and the magnitude of this com- paper; for example, the points defining curve E in fig. 1 can a str 
ponent shows that there is a considerable spread of red-cell be fitted by a straight line when plotted on semi-logarithmic qT 
life-span in this disorder (Dornhorst, 1951). The conclusion paper. estir 
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2. Labelling with Radioactive Chromium 
a. Method of Labelling 

Gray & Sterling (1950) found that red cells incubated with 
radioactive sodium chromate (Na,“CrO,) would take up ™Cr 
quite rapidly, although there was no uptake when the cationic 
trivalent form (e.g. *'CrCl,) was used. The method of labelling 
described by Mollison & Veall (1955) is convenient. Blood is 
mixed with acid-citrate-dextrose solution in the proportion 
of four to one, and the sample is centrifuged. After removal 
of most of the supernatant, approximately 50 uc of ™Cr in 
the form of a sterile solution of sodium chromate is added 
and the sample is left to stand for 30 minutes. Within this 
period more than 90% of the ™Cr is taken up by the cells. 
The cells are washed twice in saline, and re-suspended in a 
final volume of about 25 ml.,20ml. of which are injected froma 
calibrated syringe. Na,*4'CrO,, available from the Radiochemi- 
cal Centre, Amersham, has a specific activity of 5-30 mc/mg. 
of chromium. If material with a specific activity of 10 mc/mg. 
is being used, 50 uc will contain only 5 yg. of chromium, and 
this can be added to 1.0 ml. of red cells, or even to 0.5 ml. of 
red cells. The addition of considerably larger amounts of 
chromium to red cells (more than 25 yg./ml. of red cells) 
produces abnormal survival curves (Donohue, Motulsky, 
Giblett, Pirzio-Biroli, Viranuvatti & Finch, 1955; Hughes 
Jones & Mollison, 1956). 

Blood samples are taken from the recipient about 30 minutes 
after injection, and thereafter at suitable intervals, to define 
the disappearance curve. Samples are lysed and counted in a 
scintillation counter. When it can be assumed that the total 
circulating red-cell volume remains constant, the counts in 
whole blood samples should be divided by the proportion 
of red cells in the sample (haematocrit) and expressed as 
counts/min./ml. of red cells. In this way fluctuations of *'Cr 
counts in whole blood due simply to plasma volume changes 
or to venous stagnation during sampling are eliminated. 


b. Normal ™Cr Curve 


When the red cells of normai subjects are labelled with Cr 
and re-injected, the curve of survival is that shown in fig. 2. 
This is, strictly speaking, the survival curve of Cr, not of “Cr, 
— the curve illustrated has been corrected for radioactive 

ecay. 

The curve has two components: approximately 10% of the 
chromium is removed with a half-time of 1.5 days (“early 
loss”) and the remainder is removed much more slowly 
(Mollison & Veall, 1955). Leaving aside the question of early 
loss, the rate of disappearance of Cr is considerably more than 
the known rate of disappearance of ordinary red cells. The 
same rate of disappearance of Cr is found when large volumes 
of red cells are injected, or even when the whole red-cell mass 
is labelled by injecting Na.*"CrO, intravenously (Hughes 
Jones & Mollison, 1956), and it is safe to conclude that Cr 
“elutes” from surviving red cells. 

The Cr survival curve must be the resultant of at least two 
Processes: loss of red cells by ageing, and loss of Cr from 
intact red cells. The first of these is a linear function, the 
second exponential. Nevertheless, when plotted on semi- 
logarithmic paper, the points for the first 40 or 50 days, 
ignoring the “early loss” phase, can be fitted satisfactorily by 
a Straight line (see fig. 2). 

The rate of elution of chromium from the red cells has been 
estimated by comparing the true survival, estimated by dif- 
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FIG. 2. Cr-SURVIVAL CURVE OF NORMAL RED CELLS 
LABELLED WITH "Cr AND RE-INJECTED INTO 
THE DONOR’S CIRCULATION 
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Abscissae: days after injection 
Ordinates: percentage survival of °'Cr-labelled normal red cells 


The curve has two components: the more rapid one comprises 
rather less than 10% of the chromium; the slower component, 
comprising the remainder, has been extrapolated back as a dotted 
line to zero time. (The points have been taken from the data of 
Mollison & Veall, 1955.) 


ferential agglutination, of a relatively large volume of ®4Cr- 
labelled red cells with the chromium survival. Such results 
suggest that chromium elutes from transfused red cells with 
a half-time of approximately 70 days (Ebaugh, Emerson & 
Ross, 1953; Hughes Jones & Mollison, 1956). 

Several methods have been suggested for deducing true red- 
cell survival from observed chromium survival; first (method 
A of Hughes Jones & Mollison, 1956), empirical corrections 
can be made which result in converting the normal Cr survival 
curve into the generally accepted survival curve of red cells. 
For example, 25 days after injection of *'Cr-labelled cells into 
a normal subject, the observed Cr survival is approximately 
50%. The expected survival, by differential agglutination, 
assuming an average life-span of 110 days, is 77%. The true 
survival on any day n is given by: 


observed Cr survival dayn 110—n 
mean normal survivaldayn° 110 





Thus, if the observed Cr survival at 25 days is 30%, true sur- 
vival is deduced as: 33 x seer 10 = = 46%. (A table giving 
the Cr survival expected in normal subjects on any particular 
day after injection is given by Mollison & Veall, 1955.) 

A more widely used method (B) is to correct for a steady 
rate of elution, assuming a half-time of approximately 70 days 
(Ebaugh et al. 1953). If this method of correction is applied 
to the normal Cr survival curve, the curve shown in fig. 3 as 
B is obtained. Since this is certainly not the true survival 
curve it might appear that this method of correction is inde- 
fensible. But it must be remembered that it is not known 
whether the “‘early loss” observed when normal red cells 
labelled with ®'Cr are injected occurs to the same extent when 
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FIG. 3. EFFECT OF APPLYING TWO DIFFERENT COR- 
RECTIONS TO THE NORMAL Cr-SURVIVAL CURVE 
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Abscissae: days after injection 
Ordinates: percentage survival of ®'Cr-labelled normal red cells 


Curve B is the result of correcting for steady elution of chromium 
with a half-time of 64 days (method B, see text). Curve A is the 
result of applying empirical factors to give the normal expected 
linear slope of elimination (method A, see text). 


abnormal cells are labelled. There is in fact some evidence 
that method A over-corrects when applied to the survival of 
abnormal red cells (see section 4a). 


3. Differences between the Survival of Red Cells in their own 
Circulation and in the Circulation of another Subject 


In deducing the mean red-cell life-span from the results of 
cross-transfusion experiments, various assumptions have to be 
made. Thus, when abnormal red cells are transfused to a 
normal recipient it has to be assumed that the sample of red 
cells would have survived in the same way in the patient’s own 
circulation as in the circulation of the normal recipient. Even 
before the *'Cr method was introduced it was known that the 
same pathological red cells might survive differently in two 
different recipients. Thus, Dacie & Mollison (1949) trans- 
fused red cells from a patient with PNH to two different 
recipients, and found a considerable difference in survival, 
which was paralleled by the different lytic activity in vitro of 
serum from the two recipients. The introduction of the ™Cr 
method has shown that often the survival of the patient’s own 
red cells in his own circulation is different from that of his 
cells in the circulation of another recipient. These differences 
will be considered under several headings. 


a. Influence of “* Environment” on Survival of Red Cells with 
an Intrinsic Defect 

From what has just been said it is evident that an estimate 
of the true survival of a patient’s own red cells in PNH can be 
obtained only by studying their survival in the patient’s own 
circulation. In this case it is probable that the different lytic 
activity of serum from different individuals is the main factor 
that causes survival to differ in the circulation of different 
subjects. A difference of another kind has been observed in 
comparing the survival of red cells from patients with heredi- 
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tary spherocytosis (HS), first in their own circulation and 
second in the circulation of a normal subject. Thus, in a case 
studied by Hughes Jones & Szur (1957), red cells from a 
patient with HS were more rapidly eliminated from the circu- 
lation of a normal recipient than from the circulation of the 
patient himself. Other workers have observed the same 
phenomenon and have suggested as an explanation that, in 
the patient with HS, the patient’s own unlabelled cells com- 
pete with the labelled cells for ‘“‘sequestration” in the spleen 
(Jandl, Greenberg, Yonemoto & Castle, 1956). 


b. Patients with a Random Haemolytic Process 


In a patient with a random haemolytic process the survival 
of normal transfused red cells might be different from that of 
the patient’s own cells for the following reasons: first, amongst 
the patient’s own red cells deaths from senescence must be 
rare, most red cells being overtaken by the haemolytic process 
before they reach the end of their potential life-span. On the 
other hand, amongst the population of normal transfused cells 
there will be an appreciable number which are near the end of 
their life-span, and will die of senescence after transfusion. 
Dornhorst (1951) has proposed a method for allowing for this 
effect, and the application of this has been illustrated elsewhere 
(Mollison, 1956, p. 162). Second, it is possible that red cells 
may vary in their susceptibility to the haemolytic process. If 
so, there will be a higher proportion of susceptible cells ina 
sample of blood from a normal subject than in a sample taken 
from a patient with a random haemolytic process. This is 
thought to be the explanation for the initially more rapid rate 
of destruction of transfused normal cells compared with the 
steady rate of destruction of the patient’s own cells (see fig. 4). 

Third, in cases of acquired haemolytic anaemia in which the 
patient’s serum contains an auto-antibody displaying definite 
blood-group specificity, it is known that the blood group of the 
transfused red cells may affect their survival (Hollander, 1954). 
A particularly clear-cut example of this is illustrated in fig. 5, 
which shows results observed in a patient whose serum con- 
tained an auto-antibody having the specificity anti-e. Trans- 
fused e-negative red cells survived almost normally, whereas 
the patient’s own (e-positive) red cells were rapidly destroyed. 
This figure illustrates the value of having a second method of 
estimating red-cell survival, since this makes it possible to 
follow two populations of red cells at the same time. If the 
51Cr method is used alone, the survival of two populations 
must be followed at different times, and it is thus difficult to 
make close comparisons, since the severity of the haemolytic 
process may be fluctuating, either spontaneously or as a 
result of treatment with steroids. 


c. Misleading Results Obtained in Cross-Transfusion 
Experiments, Due Presumably to Incompatibility 

When red cells are transfused from one normal subject to 
another their survival time is occasionally found to be cur- 
tailed, even though no incompatible blood-group antibody 
can be found in the recipient’s circulation (Loutit, Mollison 
& Young, 1943; Mollison, 1951, 1956, p. 352). The frequency 
of this phenomenon has been estimated to be about once in 
20 transfusions (Mollison, 1954). When relatively small 
volumes of red cells labelled with “Cr are transfused from one 
subject to another, this phenomenon is observed more fre- 
quently. Thus, Adner & Sjélin (1957) found a reduced sur- 
vival in eight of 30 cases. The reduced survival of normal 
51Cr-labelled red cells injected into normal recipients in whose 
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d FIG. 4. SURVIVAL IN THE CIRCULATION OF A 
. PATIENT WITH ACQUIRED HAEMOLYTIC AN- 

AEMIA OF NORMAL TRANSFUSED CELLS AND 
. OF THE PATIENT’S OWN RED CELLS LABELLED 
P WITH "Cr INJECTED SIMULTANEOUSLY 
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0 Ordinates: percentage survival of cells 

a @———- @ normal transfused cells 

S x x patient’s own red ceils labelled with Cr 

. The Cr results have been corrected for elution, using method B. 
The survival of the transfused cells was estimated by the method of 

a differential agglutination. (Slightly modified from Hughes Jones 
& Mollison, 1956.) 
serum no incompatible antibodies can be found has been 

0 reported by several other workers (Mollison, 1956, p. 352 

[- et seq.; Jandl & Greenberg, 1957; Goudsmit & Krijnen, 1957; 

ly Eadie & Brown, 1956, personal communication). 

n Although no interaction between the donor’s red cells and 

y the recipient’s serum can be demonstrated in vitro in these 

in cases, it is almost certain that some kind of incompatibility 

ll is responsible. Thus, in some cases the red cells of one donor 

1 survive normally, while the red cells of other normal donors 

e- are removed at an accelerated rate (Mollison, 1956, p. 354). 

[- _ Furthermore, although the phenomenon of accelerated des- 

al ~—« truction is quite frequently observed when the *Cr-labelled 

cells of one subject are injected into the circulation of another, 
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FIG. 5. SURVIVAL IN THE CIRCULATION OF A 
PATIENT WITH ACQUIRED HAEMOLYTIC ANAE- 
MIA OF NORMAL TRANSFUSED CELLS AND OF 
THE PATIENT’S OWN CELLS INJECTED SIM- 
ULTANEOUSLY; THE PATIENT’S SERUM CON- 
TAINED AN AUTO-ANTIBODY HAVING THE 
SPECIFICITY ANTIi-e 
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The survival of the patient’s own cells was measured by labelling 
with !Cr and correcting the results for Cr elution (method B). 
The survival of the transfused cells was estimated by the method of 
differential agglutination. (This case was originally investigated by 
Professor J. V. Dacie, who kindly invited the author to make these 
survival tests.) 


it is not observed (in the absence of chromium overdosage) 
when the labelled cells are injected back into the donor. This 
fact emphasizes the advantages of estimating the survival of 
red cells in their own circulation. 


4. Practical Applications of the *'Cr Method 
a. Estimation of the Average Life-Span of Red Cells 
In the diagnosis of haemolytic anaemias the information 
most often required from the "Cr method is an estimate of 
the life-span of the patient’s own red cells in his own circula- 
tion. In interpreting the results, the first step is to see whether 
they fall within the normal range. For this purpose the table 
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published by Mollison & Veall (1955), giving the average 
normal Cr survival on various days after injection, may be 
found convenient. 

When the Cr survival curve is below normal the main 
problem is to decide how to convert the Cr survival curve into 
the curve of true red-cell survival. There is indirect evidence 
that in haemolytic syndromes correction for uniform elution 
(method B, see section 2b) is more appropriate than the 
method (method A) which takes into account the additional 
early loss of chromium from the circulation, observed when 
normal red cells are labelled. An example of this evidence is 
shown in figs. 6 and 7. 

Figure 6 shows the Cr survival of labelled red cells in a 
patient with a mild type of acquired haemolytic anaemia. The 
Cr survival figures are at first within the normal range, but 
by the twentieth day are starting to fall below it. The most 
likely explanation for this finding is that the Cr survival curve 
of the patient’s cells is not subject to the early loss of Cr which 
affects the normal survival curve, and thus the diminished 
survival of the patient’s own cells is at first masked. This 
point becomes clearer when the observed Cr survival figures are 
corrected for Cr elution, (i) using method A, and (ii) method B 
(see fig. 7). Correction by method B yields estimates which 
are quite well fitted by a single straight line on a semi-logarith- 
mic plot, whilst correction by method A yields a curve which 
is initially convex, strongly suggesting over-correction. 

From the results shown in fig. 6, and for the reasons just 


FIG. 6. ESTIMATES OF Cr SURVIVAL OF LABELLED 
RED CELLS IN A PATIENT WITH A MILD HAEMO- 
LYTIC SYNDROME, COMPARED WITH THE NOR- 
MAL Cr-SURVIVAL CURVE 


100 


80 


60 





20 
10 20 30 40 


Abscissae: days after injection 
Ordinates: percentage survival of Cr 


-<---- normal Cr-survival curve 
x x x x survival in patient with mild haemolytic syndrome 


FIG. 7. ESTIMATES OF TRUE RED-CELL SURVIVAL IN 
A PATIENT WITH A MILD HAEMOLYTIC SYN. 
DROME (SAME CASE AS IN FIG. 6), OBTAINED By 
CORRECTING ESTIMATES OF Cr SURVIVAL FOR 
ELUTION OF Cr 
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discussed, it follows that estimates of Cr survival must be 
obtained for at least 25 days after the injection of labelled 
cells before it can safely be concluded that there is no increased 
destruction of red cells. 

In deducing the average life-span of red cells in the patient's 
own circulation, it is normally assumed that the patient is in 
a steady state with regard to red-cell production and destruc- 
tion. When the patient is not in a steady state, unusual sut- 
vival curves may be observed. Thus, fig. 8 (upper curve) shows 
the survival of a sample of red cells taken from a patient with 
acquired haemolytic anaemia three weeks after splenectomy. 
Splenectomy evidently had the effect of greatly diminishing 
the random haemolytic process that was previously operating. 
After splenectomy, the circulation presumably contained a 
disproportionate number of young red cells, and the death- 
rate from senescence was therefore low during the following 
few weeks; this may account for the convex survival curve. 

Figure 8, incidentally, provides another example of a cas 
in which method A of correction for Cr elution appears to be 
inappropriate. Fortunately, in estimating the true red-cell 
survival in haemolytic syndromes, it does not matter very 
much which method of correction for Cr elution is used. 
When there is a random destructive process it is only necessary 
to find the slope of the exponential defining the true rate of 
red-cell destruction. Thus, the first few days following the in- 
jection of labelled cells can be ignored, and the mean life-span 
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FIG. 8. SURVIVAL IN A PATIENT WITH ACQUIRED 


HAEMOLYTIC ANAEMIA OF THE PATIENT'S 
OWN RED CELLS LABELLED WITH “Cr 
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The points relating to these two curves have been corrected for 
elution, using method B. The crosses show the points obtained by 


correcting the post-splenectomy estimates for Cr elution, using 
method A. 


estimated from the latter part of the curve. As: fig. 7 shows, 
the curves obtained by the two different methods of correction 
become almost parallel a few days after injection. 

When estimating red-cell life-span in a patient with an 
intrinsic red-cell defect, the early part of the curve must be 
used, but even then it does not make a very great difference 
which method of correction for Cr elution is used. This is 
illustrated by fig. 9. In this case average life-span was esti- 
mated to be 40 days, using method A, and 30 days, using 
method B. From a clinical point of view such a difference is 
not important. 


b. Measurement of Red-Cell Loss in the Stools 


In some patients (for example, some with leukaemia or with 
hepatic cirrhosis) red cells may be removed from the circula- 
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FIG. 9. SURVIVAL OF RED CELLS FROM A PATIENT 
WITH AN INTRINSIC RED-CELL DEFECT (POSSIBLY 
A VARIANT OF HEREDITARY SPHEROCYTOSIS) 
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Curve C: uncorrected Cr results 
Curve B: corrected for elution, method B 
Curve A: corrected for elution, method A 


The red cells were labelled with *'Cr and re-injected into the 
patient’s circulation. 

Extrapolations to the time axis give estimates of the mean cell 
survivals. 


tion not only by a random haemolytic process but also by 
haemorrhage into the gastrointestinal tract. When red cells 
are labelled with Cr and injected intravenously, a quantitative 
estimate can be made of blood loss in the stools, since very 
little Cr is reabsorbed from the gut (Owen, Bollman & 
Grindlay, 1954; Roche, Perez-Gimenez, Layrisse & Di Prisco, 
1957). 

The amount of ™Cr in the stools can be measured in daily 
collections, and the curve of disappearance of Cr from the 
blood stream can be corrected for this loss; fig. 10 shows some 
observations in a patient with aplastic anaemia. It was known 
that the patient was losing blood in the gut, but it was un- 
certain whether there was also a haemolytic process. Correc- 
tion of the observed survival curve for loss of blood in the 
stools gave almost normal values. Since it is probable that 
some "Cr is reabsorbed into the gut under these circum- 
stances, it could safely be assumed that in this case the bleeding 
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(Redrawn from data of Hughes Jones, 1958.) 


completely accounted for the diminished survival of red cells 
in the circulation (Hughes Jones, 1958). 


c. Determination of the Sites of Red-Cell Destruction 


51Cr emits y rays, and, although these are of low intensity 
and absorption by tissues is high, useful information about the 
distribution of “Cr in the body can be obtained by scanning 
the body-surface with a scintillation counter (Jandl et al. 1956; 
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Schloesser, Korst, Klatanoff & Schilling, 1957; Hughes Jone; 
& Szur, 1957; Harris, McAlister & Prankerd, 1957). Follow. 
ing the injection of *'Cr-labelled cells into the circulation, the 
highest counting rates are found over the heart, liver and 
spleen. If counts are made over these organs every few days 
after the injection of *'Cr-labelled cells into a normal subject, 
the counting rate over the heart is found to diminish at almost 
the same rate as the counting rate in blood samples. The 
slightly slower rate of fall in the “‘heart count” is attributed to 
deposition of *'Cr in the heart muscle (Hughes Jones & Szur, 
1957). The counting rates over the liver and spleen diminish 
at a slightly slower rate than the counting rate over the heart, 
either because some eluted chromium is deposited there or 
because red cells are destroyed in these organs, or for both 
these reasons. 

Hughes Jones & Szur (1957) proposed a simple method of 
expressing the results of surface counting and gave normal 
limits for the slight excess of chromium found over the liver 
and spleen in the normal subject following the injection of 
labelled cells. In a series of cases of haemolytic anaemia they 
found that the amount of chromium that accumulated in the 
spleen was variable. Amongst five patients with acquired 
haemolytic anaemia there were three who showed a gros 
excess of counts over the spleen with little or no excess of 
counts over the liver. Splenectomy in these three patients was 
followed by a striking improvement. 

In interpreting the results of surface counting measurements, 
it is serial changes that are important, whether these are 
expressed in the manner already described or simply as changes 
in the ratio of counts over the liver and spleen respectively, as 
proposed by Jand]l et al. (1956). A high counting rate over the 
spleen does not by itself imply that this organ is destroying red 
cells, since, in patients with splenomegaly, relatively high 
counting rates are found immediately after the injection of 
labelled cells, and in these patients the red-cell survival time 
may be normal (Hughes Jones & Szur, 1957). 

One approach to the quantitative interpretation of surface 
counting measurements has been to make models of the liver 
and spleen containing known amounts of radioactive chro- 
mium and to perform counts on these models in a cadaver, 
using normal surface counting equipment. Such measure 
ments show that a given amount of radioactivity in a spleen 
of normal size gives three times the number of counts as the 
same amount of radioactivity in the normal liver (Mollison 
& Hughes Jones, 1958). 

Although caution is needed in making quantitative esti: 
mates of the role of the spleen in a patient with a haemolytic 
anaemia, it is often possible to conclude that the spleen is 
playing the predominant part in a particular case, and thus 
to obtain a sound indication for splenectomy. 
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It is almost exactly 50 years since acquired haemolytic anaemia 
was first clearly described in a series of papers by Widal and 
his associates under the title Ictére hémolytique acquis (Widal, 
Abrami & Brulé, 1908a, 1908b, 1909). Widal stressed that 
autohaemagglutination was a characteristic finding in the 
patients whose histories he recorded and that aclear separation 
_ between acquired and congenital cases of haemolytic anaemia 
could be made on both clinical and laboratory grounds. 
Subsequent work has fully confirmed this distinction. In 1909 
there appeared, too, the first description of acute haemolytic 
anaemia by Chauffard & Vincent, who attributed the haemo- 
lysis to the presence of a haemolysin in the patient’s serum. 
Since this time much has been learnt as to the natural 
history, haematology and serology of acquired haemolytic 


_ anaemia. Many fundamental problems, however, remain 
unsolved. 
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ACQUIRED HAEMOLYTIC ANAEMIAS J. V. Dacie 


1. Classification 

Acquired haemolytic anaemia is not a single well-defined 
entity. On the contrary, in the collagen disorders, carcinoma- 
tosis, the myeloproliferative diseases, lymphadenoma and 
lymphosarcoma, in certain types of hepatic and renal diseases 
and even in aplastic anaemia, the rate of red-cell destruction 
is increased, sometimes to an extent sufficient to dominate the 
clinical picture. Acute episodes of haemolysis may also follow 
virus pneumonia and infectious mononucleosis. Such occur- 
rences are referred to as “‘secondary” or “symptomatic” 
haemolytic anaemias. However, many cases occur with no 
obvious cause and they are usually referred to as being 
“idiopathic” in type. As was suspected by Widal and 
Chauffard and their associates, there is now good evidence 
that abnormal haemolysis may be brought about by the action 
of antibodies acting on the patient’s red cells (“‘auto-anti- 
bodies”). For such cases the term “‘auto-immune haemolytic 
anaemia” is sometimes used; it is with this type of acquired 
haemolytic anaemia that the present brief review is concerned. 


2. The Auto-Antibodies 


Two types of antibodies can be clearly distinguished by 
their behaviour in vitro: a warm type, active at 37° C. and 
not potentiated by lower temperatures, and a cold type, active 
at temperatures up to 28-32° C. but not as a rule active at 
37° C. Both types give positive direct antiglobulin (Coombs) 
reactions. The relative incidence of these two types of 
antibody in a series of patients which I have studied, and their 
association with the clinical syndromes, are given in Table I. 
The main characteristics of the two types of antibody are 
discussed briefly below and tabulated in Table II. 


a. Warm Antibodies 


These are less easy to study than the cold variety. The 
reason is that it is rare to find high concentrations of antibody 
in the patient’s serum, presumably because it is being con- 
tinuously adsorbed to the patient’s own red cells at body- 
temperature. However, it is often possible to elute the anti- 
body from the patient’s red cells in sufficient quantities for 
serological tests. The antibodies appear to be y-globulins and 
are probably of small molecular weight (S2.w7) (Fudenberg 
& Kunkel, 1957). In most instances they seem to be adsorbed 
by human red cells irrespective of the known blood groups; 
in a minority of cases, however, part, at least, of the antibody 
reacts as if it were an Rh antibody directed against cells carry- 
ing a particular Rh antigen. The incidence of these specific 
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TABLE |. INCIDENCE OF WARM AND COLD AUTO- 
ANTIBODIES IN 131 PATIENTS WITH ACQUIRED 
HAEMOLYTIC ANAEMIA 





Patients 





Clinical type Type of antibody 
Idiopathic 
(transient, 
chronic or Cold (Donath- 
relapsing) Landsteiner) 


Secondary (transient): 


Post-virus pneumonia | Cold 4 
? Post-measles Cold (Donath- 0 
Landsteiner) 
Secondary (chronic): 
Lymphosarcoma or Warm 2 
reticulosarcoma Cold | 
Chronic lymphocytic Warm 3 
leukaemia 
Other leukaemias Warm | 
Carcinomatosis Warm ! 
Lymphadenoma bo } 
Disseminated lupus Warm 0 
erythematosus 
Syphilis Cold (Donath- 3 
Landsteiner) 
54 





antibodies in the author’s series of patients is given in Table 
III. According to Hollander and Batschelet (communication 
to Sixth Congress of the European Society of Haematology, 
Copenhagen, in 1957) the reported incidence of the different 
Rh-specific auto-antibodies corresponds closely to the in- 
cidence in the population of the Rh antigens, e.g., the e antigen 
is the commonest antigen (being present in all except 2-3% 
of red-cell samples) and anti-e has been most frequently 
reported. Auto-antibodies of a specificity outside the Rh 
system have been reported (e.g., anti-Jk*, van Loghem & van 
der Hart, 1954; anti-K, Fliickiger, Ricci & Usteri, 1955), but 
their occurrence is clearly most unusual. 

The link between the auto-antibodies of acquired haemo- 
lytic anaemia and Rh blood-group antibodies is of very great 
interest; it suggests that the apparently “non-specific” anti- 
bodies which are more frequently demonstrated may also be 
specific. They could, in theory, be directed against a “* public” 
antigen common to the great majority of human red cells or, 
alternatively, it is possible that the antibodies, although 
basically anti-Rh, lose their specificity more or less com- 
pletely. Wiener, Gordon & Gallop (1953) in fact postulated 
that the “‘non-specific” antibodies were directed against the 
“‘nucleus of the Rh-Hr substance”. They found that the 
serum of one patient agglutinated chimpanzee and Rhesus- 
monkey red cells to titres only slightly lower than those 
obtained with human red cells, while agglutinating spider- 
monkey, cow, horse and sheep red cells to far lower titres. 
These results paralleled those obtained with Rh antibodies. 
This hypothesis is attractive but unproved. 

The antibodies almost always react in the laboratory as 
incomplete antibodies—in which respect their behaviour also 
parallels that of Rh antibodies. That they are y-globulins can 
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TABLE Il. 





CHARACTERISTICS OF THE AUTO-ANT.. 
BODIES OF ACQUIRED HAEMOLYTIC ANAEMIA 











"Warm" type of “'Cold"’ of 
antibody antibody 
Nature: 
Electrophoretic -Globulin ¥1-Globulin (? 4 
mobility globulins) 
Sedimentation con- 
stant Ssaw?* S0,w!6—19t 
Class of antibody: 
Complete (agglutinat- | Usually incom- Complete 


ing) or incomplete 
(non-agglutinating) 

Haemolytic potenti- 
ality 


plete 


Fails to haemolyse 
normal or trypsin- 
ized red cells or 
PNHft red cells 


Haemolyses norma 
red cells (some. 
times only at pH 
6.5-7.5), trypsin. 
ized red cells an¢ 


, , ? PNHf red cells 
Antiglobulin reaction: 
Presence of prozone Frequent No prozone 
Effect of pH of patient's | Little effect Agglutination usv- 
serum ally increased z 
pH 6.5-7.5 
Effect of heating | Little effect Complete _ inhibi. 


patient’s serum to tion of agglutine 
56°C tion 

No _ inhibition by 
small amounts of 
y-globulin 


Effect of adding y-glo- | Inhibition by small 
bulin to antiglobulin | amounts of y-glo- 
serum bulin 


Thermal range of 


Maximal at approx-] Not active at 37 
antibody 


imately 37° C. C.; just active a 
28-32° C.; activity 
greatly increased 
by cooling below 
a <. 


Specificity of antibody ‘*Non-specific’’, **Non-specific’’ 
usually; anti-Rh 
plus ‘‘non-speci- 
fic’’, occasionally; 
anti-Rh alone or 
other _ specifici- 


ties, rare 


* Fudenberg & Kunkel (1957) 


+ Christenson, Dacie, Croucher & Charlwood (1957); Fudenber; 
& Kunkel (1957) 


t Paroxysmal nocturnal haemoglobinuria 


be readily shown by the inhibition of the agglutination of 
patient’s red cells by an anti-human-globulin serum if small 
amounts of y-globulin are first added to the antiglobulin 
serum. This type of antiglobulin reaction (the ‘y-globulin 
type”) is, however, not always found, for in a substantial 
proportion of cases the inhibition may be only partial (inter- 


TABLE Ill. INCIDENCE AND TYPE OF SPECIFIC AUTO- 
ANTIBODIES IN 29 PATIENTS WITH ACQUIRED 
HAEMOLYTIC ANAEMIA 





**Non-specific’’ antibodies 20 


Specific plus ‘‘non-specific’’ antibodies 8 
Anti-e + ‘‘non-specific’’ (5) 
Anti-e + anti-c + ‘‘non-specific’’ (2) 
Anti-e + anti-D + ‘‘non-specific’’ (1) 


Specific antibodies only { 
Anti-e + anti-C 
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TABLE IV. TYPICAL ANTIGLOBULIN REACTIONS IN ACQUIRED HAEMOLYTIC ANAEMIA 


Type of ; Type of 
haemolytic anaemia antiglobulin serum 
lin4 
———— 
Anti-whole serum +++ 
Anti-whole serum — 
Warm * + y-globulin tT 
(‘‘y-globulin’”’ type) 
‘ ‘Anti-y"’ + i 
*‘Anti-non-y"" wi 
Anti-whole serum +++ 
Anti-whole serum — 
Warm t + y-globulin ¢ 
(‘‘intermediate’’ type) 
**Anti-y"’ 4. ihe ee 
*‘Anti-non-y"’ ++ 
Anti-whole serum ++ 
Anti-whole serum 4 
Cold§ + y-globulin fF 
(‘‘non-y-globulin’’ type) 
““Anti-y"’ a 
““Anti-non-y"’ fs le 








Dilution of antiglobulin serum 


| in 64 | in 256 | in 1024 Control (saline) 
+++ ++ + _ 
= = 4 + +++ 
++ + + - 
+++ + ow - 
+ + +++ +++ 
es + ~ - 
+ : - ~ 
ob _ — == 
++ ++ T+ ++ 
+ _ ome am 


* Patient had a chronic ‘‘idiopathic’’ type of acquired haemolytic anaemia. 
¢ The dilutions given represent in this test the dilutions of 4% human y-globulin added in equal volume to a constant amount of antiglobulin 


serum diluted 1 in 4 with saline. 


t Patient had chronic lymphocytic leukaemia with superimposed acquired haemolytic anaemia. 
§ Patient had a chronic “‘idiopathic’’ type of acquired haemolytic anaemia. 


The “‘anti-y’’-globulin serum was prepared by adding to undiluted rabbit antiglobulin serum an equal volume of a 1% solution of human 


a,-globulins, prepared using cellulose-column zone elecgrophoresis. 


The ‘‘anti-non-y’’-globulin serum was prepared by adding to the undiluted 


rabbit antiglobulin solution an equal volume of a 0.0625% solution of human y-globulins. 
+ and — signs refer to degree of agglutination from strong (+++) to weak but definite (+-). 


mediate type) or even inappreciable (Table IV). In such cases 
the patient’s red cells will be found to be agglutinable in anti- 
globulin sera to which either y-globulin (yielding an “‘anti- 
non-y-globulin” serum) or «,- or @-globulins have been added 
(yielding an “‘anti-y-globulin” serum). There is no evidence, 
however, that the “‘non-y-globulin” adsorbed to the red cells 
is antibody, for if eluates are prepared from cells reacting with 
both types of antiglobulin sera, only y-globulin can be 
detected in the eluates. The nature of the additional protein 
adsorbed to red cells has not yet been established. Its presence 
does not seem to be correlated with the severity of haemolysis, 
although in one of my patients, when remission had been 
induced following splenectomy, the tests then indicated that 
the cells were coated only with y-globulin. 


b. Cold Antibodies 


In contrast to warm antibodies, cold antibodies may be 
found in patients’ sera in such large quantities as to produce 
distinct abnormal peaks in the electrophoretic pattern. These 
peaks have been in the y,-position in my patients (Christenson, 
Dacie, Croucher & Charlwood, 1957), but it is possible that in 
some patients the antibody may separate with the 6-globulins 
( Fudenberg & Kunkel, 1957). There is good evidence that the 
antibody protein is macromolecular (Szo,w16-19) (Christen- 
son et al. 1957; Fudenberg & Kunkel, 1957). In some sera 


7 — exists as a cryoglobulin (Christenson & Dacie, 


Cold antibodies appear to react with all types of human 
red cells irrespective of their known blood groups or types 
(Crookston, Dacie & Rossi, 1956) and with certain animal 
red cells. The most remarkable reaction is that with rabbit 
red cells, which adsorb the antibody more readily than do 
human cells (Carrigg & Verwilghen, 1957, unpublished obser- 
vations). The large amount of antibody in patients’ sera is 
clearly connected with the fact that it is not usually adsorbed 
at 37° C. In vitro, the highest temperature at which normal 
red cells are agglutinated is usually 28-32° C. Nevertheless, 
the direct antiglobulin reaction, using red cells freshly drawn 
from the patient, is typically positive. This is probably due to 
cooling of the blood below 37° C. in cutaneous blood vessels. 
When tests in vitro are carried out at temperatures below 
20° C. the very high agglutinin titres (which may exceed 
64,000 at 2° C.) reflect the very large amounts of antibody 
which may be present. 

Cold antibodies, as distinct from warm antibodies, may 
bring about haemolysis in the presence of complement. How- 
ever, human red cells are relatively resistant to lysis as com- 
pared to agglutination. Nevertheless, they usually undergo 
definite lysis at 20° C. in relatively strong concentrations of 
patient’s serum and human serum complement—the serum 
may, however, have to be suitably acidified (Dacie, 1955). 
The potential ability of cold antibodies to bring about haemo- 
lysis seems to be the explanation for the positive antiglobulin 
tests given by red cells sensitized in vivo or in vitro by cold 





antibodies, for the protein coating the cells appears to be 
largely composed of components of complement (Dacie, 
Crookston & Christenson, 1957). 


3. Aetiology 


It seems likely that the warm antibodies which “‘coat”’ red 
cells in acquired haemolytic anaemia are auto-antibodies de- 
veloped by the patient in apparent contradiction to the normal 
processes of immunological tolerance. How and why auto- 
immunization takes place is obscure. Animal experiments 
have as yet failed to provide the answer. One possible 
mechanism, recently enunciated by Campbell (1957), is that 
the red-cell surface might become abnormal owing to faulty 
protein synthesis or to adsorption of antigenic fragments from 
some infective agent or even denatured autogenous protein, 
and that the alteration to the red-cell surface might lead to the 
formation of antibodies capable of cross-reacting with normal 
red cells. Alternatively, it has been suggested that the anti- 
body-forming tissues may, as the result of a pathological 
process, e.g., neoplasia or (less likely) hyperplasia, lose their 
foetally acquired tolerance to red-cell antigens. A further 
possibility is that the basis of certain idiopathic cases is a com- 
plete or partial failure to achieve immunological tolerance to 
red-cell antigens in foetal life (Dacie, 1958a). None of the 
above hypotheses has been proved to be correct, but they are 
not mutually exclusive and each may contain an element of 
truth. 

The cause of the formation of cold antibodies is similarly 
obscure, but there are hints that the antibodies may be not 
auto-antibodies but cross-reacting antibodies of heterologous 
origin. For instance, the antibodies react strongly with red 
cells of the rabbit—an animal far removed from man, and 
characteristically, they may be formed as an immune response 
to an infection, frequently pneumonia of presumed virus 
origin. Nevertheless, they also occur idiopathically as in the 
cold-haemagglutinin syndrome and also in association with 
tumours such as reticulosarcoma. In the cold-haemagglutinin 
syndrome iarge quantities of antibodies are usually continu- 
ously formed over a period of years. Here too, however, it is 
impossible to exclude the possibility that the original exciting 
agent was of heterologous origin. 


4. The Clinical Syndromes 


The syndromes based on the formation of warm or cold 
auto-antibodies are sufficiently distinct to warrant a separate 
description. 


a. Warm Auto-Antibody Type 


Patients of all ages and both sexes are affected. A pre- 
dominant incidence in females has been claimed (Sacks, 
Workman & Jahn, 1952). My own experience in this respect 
is given in Table I. The illness may be acute in onset and 
chronic in course; the latter is the most common form. 
Occasionally, there is a series of haemolytic crises. The 
patient’s symptoms are attributable to his anaemia; the main 
signs—a variable but often serious degree of anaemia; 
acholuric jaundice and splenomegaly—are those of haemo- 
lytic anaemia, however caused. Haemoglobinuria is uncom- 
mon and Raynaud’s phenomena are not complained of. 
Occasionally, excess haemolysis may alternate with, or follow, 
“idiopathic” thrombocytopenic purpura (Evans & Duane, 
1949). Occasionally, too, overt haemolytic anaemia may be 


ACQUIRED HAEMOLYTIC ANAEMIAS J. V. Dacie 


the principal or even the first symptom of underlying dis. 
seminated lupus erythematosus. In other types of secondary 
haemolytic anaemias the basic disease is usually wel 
established and obvious. 


b. Cold Auto-Antibody Type 


The clinical syndrome appears in two forms: (i) an acute 
episode of haemolysis, often associated with haemoglobinuria 
and occasionally with Raynaud’s phenomena, which lasts for 
a week or two and is then regularly followed by complet 
recovery (this is the type which may follow virus pneumonia), 
and (ii) a very chronic disorder with mild to moderate anaemia, 
with the development of Raynaud’s phenomena and haemo. 
globinuria when the patient is exposed to cold. The latter 
(cold-haemagglutinin) syndrome affects elderly subjects 
predominantly. 


5. Haematology 


a. Warm Antibodies 


The peripheral blood findings in patients developing warm 
antibodies may be summarized as follows: a tendency to 
macrocytosis; spherocytosis, often mild in extent but occasion- 
ally extreme; reticulocytosis of variable degree; sometime 
moderate normoblastaemia; often auto-agglutination of mild 
degree persisting at 37° C.; very rarely evidence of erythro- 
phagocytosis by monocytes; neutrophil leucocytosis in acute 
episodes, otherwise a normal leucocyte picture or neutro- 
penia; normal platelet count or sometimes thrombocytopenia; 
a variable osmotic fragility, occasionally markedly increased 
but sometimes normal, particularly in patients in remission; 
serum bilirubin concentrations usually in the range 1-4 mg. 
100 ml. Acute transient or chronic aplastic crises, leading to 
reticulocytopenia, are well-known complications (Crosby & 
Rappaport, 1956). 


b. Cold Antibodies 


In the patients developing cold antibodies the blood pictur 
is somewhat different; auto-agglutination is a marked featur 
but this is abolished at 37° C.; anaemia and reticulocytosi 
are usually less intense; spherocytosis is less conspicuous ani 
the osmotic fragility is often not increased. 


6. Pathogenesis 


There have been two main approaches to the study of the 
pathogenesis of acquired haemolytic anaemia: first, the e- 
perimental production in animals of haemolytic anaemi 
following the injection of haemolytic hetero-immune or ise 
immune sera; and second, in man, the study of the reactions 
of the auto-antibodies in vitro, the effect of splenectomy, ani 
the rates and sites of destruction of red cells labelled with 
radioactive chromium. 


The experimental anaemias produced by hetero-immum 


sera, although clarifying many points in relation to the effect 
of different dosages of antiserum and its relative potency it 
vivo and in vitro, are not directly comparable with acquired 
haemolytic anaemia in man because the antibodies, bein! 
“complete” (i.e., in-saline-agglutinating and haemolytic) 
differ fundamentally from the “incomplete” type of antibody 
found in human cases (see Dacie, 1958b). 


a. Warm Antibodies 


It is now thought that red cells coated by incomplete ant: 
bodies are prematurely destroyed because in protein-containin 
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media (e.g., plasma) they tend to adhere to 
each other and form small agglutinates 
(Jandl & Castle, 1956; Jandl, Richardson 
Jones & Castle, 1957). These small agglu- 
tinates are likely to be trapped in back- 
waters of the circulation, particularly in the 
spleen; the cells comprising them are then 
thought to become spherocytic and ulti- 
mately to undergo phagocytosis or lysis. 
The cause of the spherocytic change is 
obscure—both complete and incomplete 
antibodies bring it about. According to 
Castle, Ham & Shen (1950), spherocytosis 
follows the trapping of agglutinates in small 
blood vessels because the local ischaemia 
leads to the release of injurious substances. 
Alternatively, or in addition, the change 
may result from metabolic injury to the 
cell, owing to the presence of antibody pro- 
tein on its surface or to a deficiency of 
essential metabolic substances following 
local arrest of the circulation. 

Difficulties arise when attempts are made 
to correlate the clinical severity of the 
patient’s illness with serological findings. 
This suggests that subtle differences in the 
antibodies, and variable factors such as the 
activity of the reticulo-endothelial system, 
which are difficult to measure, play a part 
in determining rates of haemolysis and 
hence the clinical state of the patient. 


b. Cold Antibodies 


A view that has been widely held (e.g., 
Stats, 1945) is that the haemolysis is due to 
the sensitivity to trauma of agglutinated 
red cells, This hypothesis, however, omits 
from consideration the haemolytic poten- 
tiality of the antibodies of which the con- 
tinual coating of the red cells with protein 
(probably complement) is evidence. Which 
of the two effects of antibody action is the 
more important is uncertain. However, it 
is clear that the temperature up to which 
the antibody may be adsorbed is of para- 
mount importance. If this is less than 28° 
C., the patient is usually free from clinical 
evidence of excess haemolysis (in temperate 
climates) unless he exposes himself to an 
unusual degree of chilling. 


c. Use of Radioactive Chromium 
By tagging the patient’s red cells with 
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FIG. 1. EFFECT OF STEROID THERAPY IN ACQUIRED HAEMOLYTIC 
ANAEMIA 
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The patient was a woman aged 26, and it seemed probable that disseminated lupus 
erythematosus was present as an underlying disease. The haemolytic anaemia, however, 
dominated the clinical picture. Prednisone given by mouth was supplemented with 
intramuscular injections of ACTH as the patient at first appeared to be failing to respond. 


Note the peak in reticulocyte count which followed the start of the treatment. The 
patient has been maintained in perfect clinical remission on 10-20 mg. of prednisone daily. 


Abscissae : time (days) 

Ordinates : haemoglobin (g./100 ml.) 
packed cell volume (%) 
reticulocytes (%) 


“Cr it is possible not only to measure the rate of haemolysis blood and appears to some extent to be taking the place of 
but also to demonstrate the site at which this is predom- the spleen. 
inately occurring. The spleen appears to be the main site of 7. Treatment 


haemolysis of cells coated by incomplete warm antibodies 
(Jandl, Greenberg, Yonemoto & Castle, 


1956; Hughes 


a. Blood Transfusion 


Jones & Szur, 1957; Jandl et al. 1957). But, although the This is usually ineffective as a treatment except in rare 


spleen seems to be the main site of haemolysis, the liver 
is probably not entirely passive. This is in accord with pre- 
vious observations which have indicated that when haemolysis 
Persists after splenectomy the liver is often engorged with 2 See Mollison, fig. 5, p. 63 of this number of the Bulletin.—Ep. 


instances when the antibody is directed against a particular 
Rh antigen and the patient can be transfused with blood 
lacking this antigen! (Hollander, 1954). Usually, however, the 





































“‘non-specific” nature of the antibody 
means that transfused red cells will be 
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FIG. 2. EFFECT OF STEROID THERAPY IN IDIOPATHIC ACQUIRED | 
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eliminated at least as fast as the patient’s % 100 4 
own red cells. 15 Nd a 
b. Steroid Hormones 50 pe 4 of “Cr-tabelled 4 

ACTH,? cortisone and prednisone have 4 
been widely used since 1950. They are now : 
the treatment of choice. Most patients 4 A 
react favourably and some quite quickly E 
experience a complete clinical remission $ 
(fig. 1). The hormones are probably inter- rf 
changeable in comparable doses but, if a % 
patient appears to be failing to respond to £ 
cortisone or prednisone, it is well worth 1 
giving ACTH a trial. Prednisone (or cor- 2 
tisone) given orally is preferable to ACTH 3 
for continuous treatment, as this may have 4 
to be prolonged for months or even years. ; 

It is not yet clear exactly how the steroid 7 
hormones bring about benefit. They do not 8 
seem capable of curing acquired haemolytic 
anaemia, but in doses which can be toler- 
ated by the patient they usually succeed in 30 4 |, .Packed Cell Volume 
controlling the haemolysis sufficiently for 
the haemoglobin concentration to be main- 20 Though 
tained in equilibrium at 10 g./100 ml. or 2 mortality 
higher (fig. 2). In most patients the pro- reported 
duction of auto-antibodies persists, although 2,000,1 v 
usually apparently at a lower level, and the This r 
direct antiglobulin test seldom becomes a diagnosi: 
negative. The value of steroid therapy in level’’, ci 
patients with acquired haemolytic anaemia y For, in 
of the cold-antibody type has not yet been Yi) statistica 
clearly ascertained; most patients improve VY ee areas or 
with rest in bed and warmth alone (Dacie, 6 , aoe s 5 10 15 20 | leukaemi 
1957). January February ® not be a 

The patient was a woman aged 70. A series of transfusions resulted in only transient ; 
c. Splenectomy benefit, and with a falling reticulocyte count the patient became seriously ill. Response : 
; ’ to intramuscular injections of ACTH, followed by cortisone, was rapid. Her haemoglobin ; 

This should be reserved for patients who level has subsequently been satisfactorily maintained on 20-30 mg. of prednisone daily. Th 
fail to respond adequately to treatment with The chart shows that clinical and haematological remission following the ACTH therapy E leuk een 
steroid hormones, or who need for control was associated with a marked slowing of the rate of elimination of *'Cr-tagged red cell. ume 
of the haemolysis such large doses of the Note, as is also shown in fig. 1, the rise in reticulocytes following the start of treatment. ] is report 
hormones that the metabolic side-effects Abscissae : time (days) . q pg st 
are serious. Splenectomy is, however, not ace eg fc yy me — 
necessarily effective. In only about one-half packed cell volume (%) — _'To sav 
of the patients are the results “good” or reticulocytes (%) 4 ag 
“fair”, and it is the patients in whom hae- ) 1931 to 195 
molysis is most active who seem to derive the least benefit the only place where the destruction of antibody-coated cells P 
(Chertkow & Dacie, 1956). This is understandable when it takes place. If overwhelming amounts of antibody are being ~~» ACQUIRE 
is realized that the spleen is apparently not a very important produced, the removal of the spleen may then produce very = ——Continu 
site of antibody formation. Moreover, as ©'Cr studies have little clinical benefit. Studies using *'Cr, by revealing the re 3 Dacie, 
confirmed, the spleen, although a very important site, is not lative importance of the spleen and liver in haemolysis, may 7 _Dacie, 

ID help to determine which patients are likely to derive the most 3 Dacie, 

® Adrenocorticotrophic hormone, commonly known as corticotrophin.—Eb. benefit from splenectomy. —_ 
Evans, 
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1. Rarity of Human Leukaemia 


Though leukaemia is a fatal disease, its contribution to total 
mortality is very small. The number of deaths from leukaemia 
reported in England and Wales each year is not much above 
2,000, which is less than 0.5% of the deaths from all causes. 

This rarity of the disease, combined with the fact that the 
diagnosis is difficult to make at the “general practitioner 
level’’, constitutes a serious obstacle to epidemiological study. 
For, in order to obtain the numbers of cases required for 
Statistical study, it is usually necessary to combine data from 
areas or periods of time in which the facilities for diagnosing 
leukaemia—and the propensity to make this diagnosis—can- 


not be assumed to be identical. 


2. Reported Increase of Human Leukaemia 


The reason for present-day interest in the epidemiology of 
leukaemia is not that the death-rate is at all high, but that it 
is reported to be increasing in all countries of the world for 
which statistics are available (World Health Organization, 
1955). In England and Wales the rate of increase over the 
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figures which are taken from, or based 
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1931 to 1957, published by HMSO, London). 
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* To save repetition, no separate acknowledgement is made for this or other 
L e , 01 _on, publications of the Registrar General 
(see Registrar General’s statistical reviews of England and Wales for the years 


Dacie, J. V., Crookston, J. H. & Christenson, W. N. (1957) 


last quarter of a century, after allowing for changes in the 
age-distribution of the population at risk, has been about 4% 
per annum in each sex. The reported increase presumably 
owes something to advances in diagnosis and to improvements 
in medical services but there are indications that at least part 
of it is genuine. For example, in their Aberdeen study, Gauld, 
Innes & Robson (1953) found that ‘*. . . there has been no 
disproportionate increase in aleukaemic forms such as might 
have been expected if improving diagnosis had been leading 
to more frequent recognition of the disease”. Similarly, 
among young children in England and Wales the recorded 
death-rate has risen rapidly at ages between two and five but 
hardly at all at ages under two, though it is the latter group 
which would be the more affected both by improvements in 
diagnosis and by the increased attention to infant welfare. 
Among adults the greatest rate of increase has been in the 
oldest age-groups. This is just what would have been pre- 
dicted on the basis of the sceptical hypothesis which attributes 
the apparent rise in mortality to improving diagnostic services, 
since old people have in the past been a neglected section of 
the population. But a relatively rapid increase in the elderly 
would also be expected if there were an entirely genuine rise 
in the risk of leukaemia, for only in this way could the 
mortality of successive ‘“‘cohorts” retain the shape of 
age-curve which, according to Nordling (1955) and also to 
Armitage & Doll (1957), is characteristic of malignant diseases. 
Moreover the very magnitude of the reported increase in the 
elderly (see fig. 1) is a challenge to the sceptical hypothesis. 
At ages over 75 the annual leukaemia death-rate in England 
and Wales was 54 per million in 1945, and it had risen to 107 
by 1951. In order to maintain that there had been no real 
increase up to 1951 it would be necessary to allege that at 
107 — 54 
107 
missed in 1945. By 1956 the rate was 193 per million, thus 


requiring a sceptic to postulate that nearly three-quarters 
(= — 54 


least half ) of the cases in the elderly had been 


—33— of the cases in the elderly had been missed in 


1945; any further rise in the death-rate will require a further 
upward revision in the estimated proportion of cases missed 
at the end of the war. Probably the point has already been 
reached at which it is more reasonable to accept that a genuine 
increase has occurred. 


3. Relative Frequency of the Main Cell Types 


It is often said that chronic lymphatic leukaemia has been 
increasing more rapidly than the other types of leukaemia. 
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Some support for this view is obtained from a comparative 
study of the published series of cases from 1917 onwards 
(Gauld et al. 1953). An opposite view has been expressed by 
Gunz & Hough (1956) who consider that the trend towards 
an older age-distribution can be “‘largely accounted for” by 
a rise in the incidence of the acute forms. These authors 
question the value of a distinction based on the cell types in 
acute leukaemia, pointing out that the ratio of acute myeloid 
to acute lymphatic leukaemia has varied in published series 
from 19 to 0.5. Though there is little agreement on the over- 
all relative frequency of lymphatic and myeloid leukaemia, 
three facts seem to be fairly well established: (i) lymphatic 
leukaemia shows its greatest relative frequency at the extremes 
of life, and myeloid leukaemia at intermediate ages; (ii) there 
is a higher ratio of males to females among patients with 
lymphatic than among those with myeloid leukaemia; 
(iii) cases of chronic lymphatic leukaemia form a much higher 
proportion of the total leukaemia incidence in Western 
Europe, North America and Australasia than in Africa and 
Asia (Witts, 1957). 

These facts imply that there are aetiological differences 
between the leukaemias of different cell types, though in most 
studies leukaemia has to be treated as a single entity. Pub- 
lished statistics for England and Wales began to distinguish 
cell types only in 1950; during the ensuing seven years the 
increase of myeloid leukaemia has kept pace with that of the 
lymphatic type.? 


4. Hereditary Factors 


If leukaemia has in fact been increasing at anything like 
the rate suggested by the statistical evidence, then one must 
conclude that the incidence of the disease is very largely 
determined by environmental factors. Nevertheless, the 
existence of some heritable variations in individual suscept- 
ibility may safely be assumed. The literature on this subject 
includes scattered reports of cases in which a familial, and 
possibly a hereditary, influence appears to have been at work. 
The most systematic study is that of Videbaek (1947) who 
found 17 instances of one or more leukaemic relatives among 
209 cases and only one among the relatives of 200 controls. 
But, of these 17, no less than eight had to be traced beyond 
the avowed range of the investigation (first and second degree 
relatives only). Videbaek’s work has been criticized on other 
grounds by Busk (1948) and by Gorer (1949). In Videbaek’s 
study there were wide variations in the age at onset and in the 
type of disease, between related leukaemic patients. For this 
reason it is less impressive than some of the more anecdotal 
reports, such as that of Anderson (1951), in which five of 
eight siblings died of leukaemia between the ages of five and 
eight years, or the pair of subjects with a strikingly similar 
blood picture reported by Debré, Bernard & Buhot (1951). In 
this last instance the authors seem to favour an explanation in 
terms of an infective leukaemogen rather than a genetic factor. 

A related topic is that of racial differences in susceptibility. 
It has frequently been noted that, in the USA, the non-white 
population has much lower recorded death-rates from leuk- 
aemia than the white population. However, an ingenious 
analysis of the white and non-white death-rates in different 
States by MacMahon & Koller (1957) has shown that this 
difference is probably of economic rather than of ethnic 

® The terms “lymphocytic” and “granulocytic” are preferable to “lymphatic” 


and “‘myeloid’’, but the latter have been retained in this paper because they appear 
in many series analysed statistically.—Ep. 


origin; mortality from leukaemia is equal in whites and non. 
whites earning similar incomes. In the same paper thes 
authors produce evidence of excessive mortality from leuk. 
aemia in the Russian-Jewish inhabitants of Brooklyn, New 
York City, which is difficult to account for unless one postu. 
lates some innate difference in susceptibility. 


5. Geographical Variation 

Death-rates from leukaemia by sex and age during th 
period 1950-52 have been published for 16 different countries 
(World Health Organization, 1955). The international pattem 
is similar for the two sexes but varies considerably between 
age-groups, with the greatest contrasts in the oldest groups. 
Thus, in the fourth decade of life, mortality in the USA is 
reported to be about 60% higher than in Japan, but in the 
eighth decade it is more than 20 times as great. Because of 
this variation with age, different bases of age-standardization 
give rather different results, and the data are not easy to 
summarize. On the basis of an “equivalent average death. 
rate’’* the sixteen countries rank in the following order from 
the highest to the lowest incidence: USA, Denmark, New 
Zealand, Switzerland, Canada, Norway, Netherlands, Aus- 
tralia, United Kingdom, West Germany, France, Finland, 
Italy, Ireland, Japan.‘ This ranking suggests that the mortal- 


ity attributed to leukaemia tends to be high where genera 
health and living standards are good. If the leukaemia ranking 
is compared with a ranking based on the most recently avail ~~ 
able figures for infant mortality (World Health Organization, 


1957), one obtains a correlation of — 0.74. A positive associa- 
tion between general welfare and mortality from a particular 
disease is unusual but not unique; it is widely accepted asa 
genuine feature in poliomyelitis and in coronary artery 
disease. It is, however, natural to suspect that the high 
leukaemia death-rates of the medically advanced countries 
are due in some measure to more complete diagnosis. 

The same suspicion arises, though to a lesser extent, in 
relation to regional variation within countries. Three coun- 
tries which publish statistics in sufficient detail to permit the 


study of regional variation are Denmark, the USA and the a 


United Kingdom. 


Notifications and death-certificates collected at the Danish q 


Cancer Registry have been analysed by Clemmesen & Sgren- 


sen (1958). They show that at ages under 60 there was little 7 
or no local variation in the incidence of leukaemia. At older 
ages, however, the mortality in Copenhagen was markedly 7 
higher than in the rural areas, with provincial towns occupying —~ 
an intermediate position. This pattern was observed in both ~ 
sexes and also when lymphatic and myeloid leukaemia were ™ 
considered separately. Indeed, a similar pattern has been b: 
found to apply to nearly all malignant tumours (Clemmesen ~ 
& Nielsen, 1952), and the explanation offered is that “‘...in 
the city of Copenhagen the diagnosis is made with mor 7% 


efficiency among the old than elsewhere in the country”’. 


In the USA also, leukaemia death-rates tend to be higher 7 
in urban than in rural areas, and the contrast between these 
areas varies significantly with age (Meadors, 1956, using data 7 
for 1944-48). However, the excess in urban areas at ages 7 


* Mean of the age-specific death-rates over a defined age-range. This type f & 
rate provides a simple but adequate standardization by age for many purposes of 
comparison between areas or population groups, or over a period of time.—ED. 

* Figures for four further countries have been collated by Segi (1957): Israel 
(which would be in the upper half of the above ranking), Austria and the Europeat 
=" of South Africa (both near the middle) and Chile (next to Japan at the 

ttom). 
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over 60 (about 50%) is not much greater than the average 
excess in younger age-groups (about 40%), and Meadors 
does not think that the relatively high urban rates can be 
accounted for by superior diagnostic services in the cities. 
Somewhat surprisingly there is only a small and insignificant 
correlation between the leukaemia rates of individual States 
and percentage of State population classified as urban (data 
of 1949-53), though this correlation was formerly quite high 
(data of 1938-42). Nevertheless both MacMahon (1957) and 
Walter & Gilliam (1956) have linked the low leukaemia 
mortality of some southern States with their predominantly 
rural character. Thus the age-standardized rate for white 
inhabitants of the East South Central division (Kentucky, 
Tennessee, Alabama, Mississippi)® is estimated to be 12% 
lower than in the Middle Atlantic division (New York, New 
Jersey, Pennsylvania) but, after adjustment for the differing 
proportions of urban and rural population, the rate for East 
South Central is 5% above that for Middle Atlantic. Regional 
variation appears to be greater for the non-white than for the 
white population, even when some allowance is made for the 
larger sampling errors of the rates for non-white. MacMahon 
notes that there is a significant correlation (+ 0.33 + 0.14) 
between leukaemia mortality and the number of active non- 
Federal physicians (i.e., physicians not in the Government 
service) per 100,000 population; this correlation, like that 
with degree of urbanization, was formerly much higher. 
There is also a correlation with median income of the white 
population in each State. Some fading of the former associa- 
tion between leukaemia and high urbanization or high density 
of physicians was to be expected as the factors associated 
with modern city life, diagnostic or otherwise, which were 
responsible for the pattern of 20 years ago, spread throughout 
the country. However, in some areas with initially low rates 
(Vermont and the Mountain States) the present rate is higher 
than would be expected from the spread of urbanization, and 
the future trend of leukaemia mortality in these areas will be 
of particular interest (MacMahon, 1957). In this connexion 
it has been noted that the leukaemia mortality of certain age- 
groups in the USA as a whole has begun to show a feature 
not yet reported for any other country, namely, a levelling-off 
in the rate of increase and, in white infants, a decline (Gilliam 
& Walter, 1958). 

Of the four principal divisions of the United Kingdom, 
England and Scotland show similar mortality rates from 
leukaemia, while in Wales and, more particularly, in Northern 
Ireland, the rates are lower (Hewitt, 1955). (In Eire they are 
reported to be lower still.) Within Scotland three large towns 
that are also important medical centres (Edinburgh, Aberdeen, 
Dundee) show outstandingly high rates, but the largest of all 
(Glasgow) has a rate below the average (Hogan, 1957, personal 
communication). Within England and Wales there is a 
tendency for higher rates to be reported in the south and east 
than in the north and west, but the range of variation has 
narrowed appreciably during the seven years (1950-56) for 
which data are available. This regional variation shows the 
feature, usual in leukaemia statistics, of being more extreme 
at the older ages (see Table I). Since the contrast between 
the northern and the southern parts of the country is greater 
than that between the more and the less urbanized areas, it 
Seems unlikely that the geographical variation could be 
Secondary to any factor depending on urbanization. More- 


* The nine divisions into which the States are grou are those used by the 
Bureau of the Census.—Ep. sien , 


TABLE I. RATIO BETWEEN THE LEUKAEMIA MOR- 
TALITY OF CERTAIN SECTIONS OF THE POPULA- 
TION OF ENGLAND AND WALES, BY AGE, 1950-56 
(based on information received from the Registrar 
General in a personal communication, 1958) 


Age-group (years) 


75 
and over 


More urban areas: less urban 
areas* 


Northern England and 
Wales: southern Englandf . 


TABLE Il. RATIO OF THE AGE-STANDARDIZED MOR- 
TALITY FROM DIFFERENT TYPES OF LEUKAEMIA 
BETWEEN CERTAIN SECTIONS OF THE POPULA- 
TION OF ENGLAND AND WALES, ALL AGES COM- 
BINED, 1950-56 (based on information received from the 
Registrar General in a personal communication, 1958) 


Lymphatic Myeloid 


Other types 


More urban areas:less urban 
areas* ‘ ‘ ; ; 0.98 ; 1.06 


Northern England and 
Wales: southern Englandt 


Inhabitants of conurbations and county boroughs compared with 
inhabitants of urban districts and rural districts. Conurbation is 
the word used to describe those areas of urban development 
where a number of separate towns have grown into each other 
and become linked. 

+ Dividing line runs approximately from the Severn estuary to the 
Wash. 


over, while all types of leukaemia contribute to the contrast 
between north and south, only myeloid leukaemia shows a 
significantly higher rate in the more urban section of the com- 
munity (see Table II). As in the USA, there is a significant 
correlation between leukaemia mortality and the distribution 
of doctors (+ 0.73, using the 17 divisions of the population 
of England and Wales for which annual estimates of age- 
distribution are available). This is not in itself an indication 
of any specific association between leukaemia and the amount 
or quality of medical care, since many other variables have a 
similar regional distribution. (Leukaemia mortality correlates 
almost as closely with the proportion of architects as with the 
proportion of doctors!) Possibly a more sensitive (inverse) 
index of local diagnostic efficiency is that given by the pro- 
portion of the deaths of elderly persons which are certified as 
due to “‘senility” or other ill-defined causes. This also yields 
a significant correlation with leukaemia mortality (—0.69), 
which is particularly large when attention is restricted to 
leukaemia deaths over the age of 75 (—0.84). The regional 
pattern of mortality attributed to other neoplasms of lym- 
phatic and haemopoietic tissue is similar to the pattern 
observed in leukaemia, which cannot therefore be attributed 
to errors of differential diagnosis. Cruder diagnostic errors 
may, however, be responsible for at least part of the pattern. 









6. Ionizing Radiation 


It has now been placed beyond doubt that ionizing radia- 
tions can cause leukaemia in man as well as in experimental 
animals. Four heavily exposed groups in which a substantial 
increase of leukaemia has been observed are: 


i. Survivors of the atomic explosion at Hiroshima, especi- 
ally those who were near the hypocentre* (Lange, Moloney & 
Yamawaki, 1954). 

ii. Patients who received radiotherapy for ankylosing 
spondylitis, especially those who received large doses (Court- 
Brown & Doll, 1957).? 

iii. Infants treated with x rays in order to reduce the size 
of the thymus (Simpson & Hempelmann, 1957). 

iv. Radiologists (March, 1950), and possibly other physi- 
cians (Peller & Pick, 1952). 


The precise nature of the relationship between dose of 
radiation and risk of leukaemia has not yet been established. 
Court-Brown & Doll (1957) propose as a working hypothesis 
that the relation is linear, at least over the lower ranges of 
dose, and that there is no threshold dose for the induction of 
the disease. Lewis (1957) also postulates a linear relationship, 
possibly reflecting the occurrence of gene mutations in the 
precursor cells of leucocytes. Lewis has attempted to show 
that data from all four of the above sources, as well as data 
on the spontaneous incidence of leukaemia of bone-marrow 
origin, can be interpreted in terms of an average risk estimated 
at 2 X 10°* per person per rad per year. However, this con- 
clusion, and the extrapolations which have been drawn from 
it, are widely disputed. 

Chronic lymphatic leukaemia has rarely if ever occurred as 
a consequence of exposure to man-made radiations, but all 
the other familiar forms have been seen. In addition, the 
treatment which produced leukaemia in some of the infants 
followed up by Simpson & Hempelmann (1957) produced in 
others various tumours of the thyroid and of bone or cartilage. 
A still wider variety of childhood tumours, including leuk- 
aemia, have been attributed by Stewart, Webb & Hewitt 
(1958) to direct exposures of the whole foetus during obstetric 
radiography. These authors also suggest that diagnostic doses 
of x rays in early postnatal life may occasionally precipitate 
overt leukaemia in a susceptible child. Faber (1957) thinks 
that adults too may develop acute leukaemia or chronic 
myeloid leukaemia as a consequence of diagnostic irradiation. 


7. Special Features of Childhood Leukaemia 


Antenatal irradiation may not be the only aetiological 
factor common to leukaemia and the other malignant diseases 
of childhood. In England and Wales the annual death-rates 
from malignant disease of children under five have shown, 
in addition to the rising trend, some interesting short-term 
fluctuations. These fluctuations appear not to be random since 
they correlate significantly (i) as between leukaemia and other 
malignant diseases, and (ii) as between the age-groups under 
two and between two and five. They also show a sizeable 
correlation with contemporary mortality from virus infections 
(+ 0.73 for the years 1931-54). The meaning of this correla- 
tion remains obscure, since recognized virus illnesses are not 


* An imaginary point on the ground directly beneath a nuclear device exploded 
at some distance above ground level.—Epb. 
* See also Court-Brown (1958) Brit. med. Bull. 14, 168.—Eb. 
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especially common during the period immediately preceding 
the clinical onset of malignant disease in children (Stewart 
et al. 1958). On the other hand severe bronchitis or broncho- 
pneumonia is relatively common in this interval, and is 
observed especially among children who develop leukaemia 
soon afterwards. Thus it is hard to resist the idea that infec. 
tion sometimes plays at least a provoking role in childhood 
leukaemia. This is possibly the idea behind the report of 
Pinkel & Nefzger (1958) that a high percentage of cases of 
childhoed leukaemia in Buffalo show “ pairing’’, that is, 
“the occurrence of one case within a very short distance of 
another within a brief time interval.”’ It is also discussed by 
Cooke (1942) in relation to the age-distribution of leukaemia 
in childhood. 

This age-distribution (especially in the case of lymphatic 
leukaemia) shows a feature which is probably without parallel 
in any other disease. This is an abrupt rise between the second 
and third years of life, followed by a decline between the 
fourth and fifth years. This early peak in the age-curve has be- 
come much more pronounced in recent years, both in England 
and the USA (Hewitt, 1955). In the latter country this feature 
is shown only by white children (Walter & Gilliam, 1956), 
It seems to link up in some way both with the slight risk 
associated with primogeniture and that associated with early 
postnatal irradiation (Stewart et al. 1958). 

Finally, some reference must be made to the highly specific 
association between childhood leukaemia and mongolism. 
These utterly different conditions occur together with about- 
20 times the frequency which would be expected on a chance 
basis. The only well-established predisposing factor in 
mongolism is advanced maternal age. It was therefore 
interesting to find that a maternal age of over 40 was signifi- 
cantly commoner in a series of leukaemic children from which 
all mongols had been excluded than in a comparable series 
of children with other forms of malignant disease (Stewart 
etal. 1958). These findings imply that some cases of childhood 
leukaemia have their origin in an event occurring not later 
than the second month of gestation. 


FIG. 1. TREND OF LEUKAEMIA MORTALITY AT AGES 


OVER 75, IN ENGLAND AND WALES 
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8. Discussion 


It seems unlikely that variations in exposure either to 
natural or man-made radiations could account for more than 
a small fraction of the reported geographical variations in 
leukaemia mortality or of the increase over the last two or 
three decades. The association between high leukaemia rates 
and high standards of living and medical care lends plausibility 
to the theory that much of the reported variation in leukaemia 
is spurious, resulting merely from variation in diagnostic 
practice. It will probably require many more years of observa- 
tion to test this theory adequately. In the meantime it is worth 
bearing in mind the possibility that some aspect of medical 
care other than x-ray treatments and diagnoses may be 
leukaemogenic. One hypothesis, admittedly quite speculative, 
will serve to illustrate the possibilities of explaining the 
observed variations without assuming that the statistics are 
misleading. An undoubted result of medical progress in 
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recent years has been to rescue large numbers of people— - 
especially infants and elderly people—from acute respiratory 
infections which, before the discovery of antibiotics, would 
certainly have been fatal. If this new class of “survivors”, 
either because of damage to their bone-marrow or for any 
other reason, have a raised liability to leukaemia, this could 
produce effects on the leukaemia death-rates very like those 
observed. The association between severe respiratory illness 
in childhood and later acute leukaemia has already been 
mentioned. The graph of leukaemia mortality in England and 
Wales at ages over 75 (see fig. 1) also shows a suggestive 
detail which would fit in with this hypothesis. Superimposed 
on the rapid and steady rise from about 1945 onwards there 
is one outstanding jump in the rate for 1952. This short 
period of excessive mortality lies between 12 and 24 months 
after the great influenza epidemic of January 1951, which 
must have added an unprecedented number of “‘survivors”’ 
to the elderly population. 
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Before the introduction of urethane (Paterson, ApThomas, 
Haddow & Watkinson, 1946, 1947) and of the nitrogen 
mustards (Gilman & Philips, 1946; ApThomas & Cullumbine, 
1947; Wilkinson & Fletcher, 1947), radiotherapy and potas- 
sium arsenite (Fowler’s solution) were the only useful methods 
of treatment of the chronic leukaemias. Since then many 
other compounds have been tested and many more will no 
doubt be submitted for clinical trial in the near future. The 
basic experimental work derived its inspiration from the 
current concepts of cell growth and cell division (Haddow, 
1947) and of carcinogenesis (Haddow, 1958a). The original 
clinical trials of these compounds which led to their appli- 
cation to the therapy of leukaemia were made in patients 
suffering from malignant disease of various kinds. All the 
compounds that have been used in the treatment of the chronic 
leukaemias have one feature in common: they are powerful 
suppressants of cell division, and leukaemic cells, like the 
normal proliferating cells of the body, are damaged because 
they divide frequently. 


1. The Newer Chemotherapeutic Agents 


The more important compounds that have been tested 
clinically belong to the following broad groups: (a) carbamic 
acid esters; (b) colchicine derivatives; (c) “‘anti-purines”’ ; (d) 
“alkylating agents”’. 


a. Carbamic Acid Esters 
Haddow & Sexton (1946) examined a group of carbamic 
esters which had been shown to interfere with mitosis in 
cereals and other plants (Templeman & Sexton, 1945). 
Urethane (ethylcarbamate), though inactive in plants, was 
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found to inhibit the growth of the transplanted Walker rat 
carcinoma 256. During a clinical trial in patients suffering 
from advanced malignant disease, Dr Edith Paterson observed 
that urethane induced leucopenia in some patients, and the 
trial was extended to include cases of leukaemia and lymphoma 
(Paterson et al. 1946, 1947). Subsequent reports confirmed 
that urethane was sometimes effective in both forms of chronic 
leukaemia. It was, however, not well tolerated by many 
patients and is now rarely used. 


b. Colchicine Derivatives 


Dixon & Malden (1908) observed the depressant effect of 
colchicine on the bone-marrow and Kneedler (1945) showed 
that it had some action on leukaemia but was highly toxic. 
Deacetylmethyl colchicine (Reichstein & Santavy, 1953), a 
less toxic substance, was reported to be effective in the treat- 
ment of chronic granulocytic leukaemia (Moeschlin, Meyer 
& Lichtman, 1954; Gardikas, Leonard & Wilkinson, 1955; 
Ott & Halama, 1957). Side-effects were, however, common 
and sometimes serious (Bousser & Christol, 1955; Scott, 
1957a). 


c. ** Anti-Purines”’ 


6-Mercaptopurine, like other antimetabolites, has been 
chiefly used in the treatment of acute leukaemia. It is however 
of some value in chronic granulocytic leukaemia (Burchenal, 
1956; Fountain, 1956; Gardikas et al. 1955). 


d. “* Alkylating Agents” 


The only feature common to this large group of structurally 
diverse compounds is the ability to combine chemically with 
certain functional groups under physiological conditions. 
Most drugs now used in the treatment of the chronic leukae- 
mias belong to three classes of alkylating agents, the sulphur 
and nitrogen mustards, the ethyleneimines and the methane- 
sulphonic acid esters. The relation between chemical activity 
and the biological properties of these remarkable substances 
has been fully discussed by Philips (1950), Ross (1953), 
Haddow (1953) and Davis (1957a, 1957b), and their place in 
the chemotherapy of malignant disease has been reviewed by 
Farber, Toch, Sears & Pinkel (1956): while ‘‘Comparative 
Clinical and Biological Effects of Alkylating Agents” is a 
comprehensive symposium (Karnofsky, 1958). 

Several years are required to assess adequately the thera- 
peutic value of a new drug and to compare it with established 
methods of treatment. The agents now available appear to be 
of the same general order of efficacy and the considerations 
that make one drug preferable to another are the frequency, 
extent and duration of the benefit conferred, the most suitable 
route of administration, the effective dose range and its rela- 
tion to the toxic range, the nature of the side-effects and their 
incidence. The numbers of cases available to any one investi- 
gator are usually too small to permit comparison of more than 
a few drugs. To obtain the best results with each drug 
requires experience and meticulous attention to the details of 
management. 

In this article the general problems of management of the 
common “classical” forms (Scott, 1957a, 1957b) of the 
chronic leukaemias will be considered with special reference 
to the use of busulphan (Myleran) (1) and chlorambucil 
(Leukeran) (II), both of which were synthesized at the Chester 
Beatty Research Institute (Haddow & Timmis, 1953; Everett, 
Roberts & Ross, 1953). 
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1 FIG. 1. THE DURATION OF CHRONIC LEUKAEMIA 
a busulphan TREATED BY VARIOUS MEANS 
- 1 : 4-dimethanesulphonyloxybutane 50 
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ma 
ned ut 
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we The use of busulphan in the treatment of chronic granulo- 
ot cytic leukaemia has been described by many authors, including: 
a Galton (1953, 1956); Kurrle (1955); Bernard, Mathé & Najean 
a. (1955); Haut, Altman, Cartwright & Wintrobe (1955); Black- 


nwt burn, King & Swan (1956); Hyman & Gellhorn (1956); 
ane Beyreder & Herzog (1957); Turesson (1957); Unugur, 
: Schulman & Dameshek (1957); Bethell (1958); Galton, Till & 





| Wiltshaw (1958). Clinical trials of chlorambucil have been 
* reported by: Galton, Israels, Nabarro & Till (1955); Altman, 
Haut, Cartwright & Wintrobe (1956); Hall, White, Smyth, 2 4 @¢ 86 W 
Tyan, Willett, Feichtmeir & Farber (1956); Bernard, Mathé Abscissae: years after onset of disease 
_ & Weil (1957); Doan, Wiseman & Bouroncle (1958); Israels, Ordinates: percentage of patients dying in each interval 
wae Galton, Till & Wiltshaw (1958); Ultmann, Hyman & Gellhorn Curve drawn free-hand from data of Tivey (1954). The median 
al (1958). ; ' survival is based on 1,775 cases. 
. It is impossible to foretell the nature of future endeavour 
in chemotherapy but it is unlikely that further elaboration of life and, in chronic granulocytic leukaemia especially, treat- 
4 _ oe ee on — ogi the prepa ment usually converts a state of chronic disability to one of 
rally The knowledge gained from their study has, however, been 0 almost normal health for the greater part of the duration of 
with immense fundamental importance (Haddow, 1958b). the disease. In this form of leukaemia, the onset and severity 
ons. | of the symptoms bear a close relation to the degree of prolifer- 
kae- 2. Duration of Life in the Chronic Leukaemias ation of the leukaemic cells as shown by the rate of enlarge- 
phur In spite of improvements in radiotherapeutic techniques young! ard rere ant ty Gomme “ incoones of we tuseayee 
— and Gcindenienien of chemotherapy, the suieak for ~ cua. Tae & aneeme — of haute penphaayes 7 a 
ivity suffering from chronic leukaemia aan not changed ah in the it owns “ ee or nee pone ~ o- rend a 
nces inet elf century. Leukaemia is incusable on ei soe sieian benefit patients suffering from chronic granulocytic leukaemia, 
53), | dn examine - f life a omy oreeny Ase mcincanr > a but the clinical effect of suppressing lymphocyte proliferation 
Se in fe a nl . ies 4). Thi li red in chronic lymphocytic leukaemia is variable and unpredict- 
d by w months only (Tivey, 1954). This small increase perhaps able. The methods of management of the two diseases are 
wine reflects the improvement in total care as well as the effect of therefore very dissimilar. 
os | Son seeds cece sees aie 
> 1a ° 
— collected from published series of ten or more cases treated by 4. Chronic Granulocytic Leukaemia 
shed various means (Tivey, 1954) was found to resemble that The common type of chronic granulocytic leukaemia is 
10 be described by Boag (1949) ; for many forms of malignant relatively uniform in its mode of onset, symptomatology, 
hone disease. Some patients survived many years; the distribution clinical and haematological manifestations, course and 
act, curve for the series was therefore asymmetrical (fig. 1) and the response to treatment. An exponential increase in the leuco- 
table | average duration gave too optimistic an expectation of survi- cyte count precedes the enlargement of the spleen, the fall in 
rela- val. Fifty per cent of the 1,775 dead patients in Tivey’s series haemoglobin concentration, the increase in the basal metabo!- 
their had died within 2.7 years of the onset of their disease. The ism and the onset of symptoms. When the leucocyte count 
boot distribution curves of the two forms of chronic leukaemia falls to normal levels during treatment by irradiation or by 
than were almost identical. means of drugs, the symptoms and signs abate and the 
drug haemoglobin concentration begins to rise. ‘When treatment 
ils of 3. Influence of Treatment on the Clinical Condition is discontinued, the exponential increase in the leucocyte 
; count begins at once and the cycle is repeated. The clinical 
f the Irradiation was recognized by Minot, Buckman & Isaacs course is determined by the rate at which the leucocyte count 
f the (1924) to improve the quality but not the duration of life, the increases and it is usual though not invariable for the rate to 
a benefit being greater in chronic granulocytic than in chronic increase after each successive course of treatment; the interval 
bucil lymphocytic leukaemia (Minot & Isaacs, 1924). The drugs between courses thus becomes shorter and the duration and 
vans described above also bring clinical benefit in essentially the extent of clinical benefit becomes less. The exponential char- 
erett, same way as does radiotherapy. In spite of the statistical data, acter of the increase in the leucocyte count is not often main- 
the clinical impression is strong that treatment sometimes saves tained when the counts exceed 200,000/mm.*, but treatment 
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is usually given before this level is approached. During relapse, 
the leucocyte counts, when plotted on a semi-logarithmic scale, 
lie almost along straight lines (figs. 2, 4), by extrapolation of 
which the subsequent trend of the counts may be predicted 
and the clinical course inferred with some accuracy. Since 
1951 my colleagues and I have used a chart based on a four- 
cycle semi-logarithmic scale specially designed by Dr P. L. 
de V. Hart. Figures 2, 3, 6, 8 and 9 have been prepared from 
charts used in the clinic, but the time-scale has been com- 
pressed and the ruled lines have been omitted. These charts 
have proved invaluable in the planning and conduct of treat- 
ment and the avoidance of bone-marrow aplasia during treat- 
ment. 


a. The ‘* Doubling Time”’ of the Leucocyte Count 


In fig. 2, the haemoglobin concentration and leucocyte 
counts of a patient are shown in relation to three courses of 
radiotherapy to the spleen given during a period of two years. 
There is no period of stability and the leucocyte counts and 
haemoglobin levels are always rising or falling. After the first 
course of radiotherapy, the haemoglobin concentration 
exceeded 12 g./100 ml. for 43 weeks, but for only 17 weeks and 
six weeks after the second and third courses. After the first 
course the leucocyte count was doubled every 75 days, but after 
the second and third courses the doubling time was 48 days 
and 16 days respectively (fig. 4). In fig. 3 are shown the leuco- 
cyte counts of a patient in relation to the third, fourth and 
fifth courses of radiotherapy and to a course of busulphan. 
The rates of increase in the leucocyte counts following each 
course of treatment are shown in fig. 5. The doubling times 
after the first three courses were 72, 36 and 44 days and those 
after the last three were 18 days. 

Conventional methods of radiotherapy cannot easily be 
adapted to maintain the leucocyte counts within normal limits, 


FIG. 2. CHRONIC GRANULOCYTIC LEUKAEMIA: 
CHANGES IN HAEMOGLOBIN CONCENTRATION 
AND TOTAL LEUCOCYTE COUNT FOLLOWING 
INTERMITTENT IRRADIATION OF THE SPLEEN 
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Abscissae: time (months) 
Same patient as in fig. 4 


FIG. 3. CHRONIC GRANULOCYTIC LEUKAEMIA: 
CHANGE IN TOTAL LEUCOCYTE COUNT FOL- 
LOWING INTERMITTENT IRRADIATION OF THE 
SPLEEN AND TREATMENT WITH BUSULPHAN 
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Leucocyte count (thousands/mm?) 


x RAY TO SPLEEN BUSULPHAN (4 mq. daily) 
“™ 


Abscissae: time (months) 
Same patient as in fig. 5 


but total body irradiation and radioactive phosphorus have 
been used in this way (Osgood, Seaman & Koler, 1958). 
Continuous treatment with busulphan is also practicable and 
the trend in the leucocyte count is closely dependent on the 
dosage. In fig. 6 areshown the haemoglobin concentration, and 
total leucocyte and immature granulocyte counts of a patient 
who had been treated with busulphan by mouth for a period 
of over 34 years. In fig. 7 are shown the rates of increase or 
decrease of the total leucocyte counts of the same patient in 
periods during which the dosage was varied or treatment 
withheld. Each period bears the same letter in the two figures. 


FIGS. 4, 5. CHRONIC GRANULOCYTIC LEUKAEMIA: 
RATE OF CHANGE OF LEUCOCYTE COUNT 


47H, 57H,67H RELAPSE 





40 8 [20 160 DAYS 40 60 [20 160 DAYS 


FIG. 4 FIG. 5 


Fig. 4. Rate of change of leucocyte count in three periods of relapse 
following irradiation of the spleen 


Abscissae: days after termination of therapy 
Ordinates: rate of change of leucocyte counts 
Dashed line: leucocyte count doubled 

Same patient as in fig. 2 


Fig. 5. Rate of change of leucocyte count in five periods of relapse 
following irradiation of the spleen (1st to 5th) and following a course 
of busulphan (6th) 


Abscissae: days after termination of therapy 
Ordinates: rate of change of leucocyte counts 
Dashed line: leucocyte count doubled 

Same patient as in fig. 3 
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FIG. 6 CHRONIC GRANULOCYTIC LEUKAEMIA: 
CHANGES IN HAEMOGLOBIN CONCENTRATION 
AND IN TOTAL LEUCOCYTE AND IMMATURE 
GRANULOCYTE COUNTS FOLLOWING BUSUL- 
PHAN THERAPY 
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Abscissae: time (months) 
The letters refer to the periods when rates of change in the leuco- 


cyte count shown in fig. 7 were taking place. 


Immature granulocytes include myeloblasts, promyelocytes, myelo- 
cytes and metamyelocytes. 


The doubling and halving times of the total leucocyte counts 
are given in Table I. It will be apparent, first, that the suppres- 
sion of the rate of increase in leucocyte count was proportional 
to the dose; secondly, that during the whole period the 
response to each dose of busulphan was approximately the 
same; thirdly, that the haemoglobin concentration increased 
steadily during the two years when busulphan was admin- 
istered almost continuously, in contrast to the poorly sus- 
tained increase of lesser degree associated with a doubling 
time of 56 days that followed the initial course of therapy. 
Intermittent therapy would seem to be worth while only 
when the doubling time of the leucocyte count exceeds 70 days. 


TABLE I. CHRONIC GRANULOCYTIC LEUKAEMIA: 
RATE OF CHANGE IN TOTAL LEUCOCYTE COUNT 
IN RELATION TO DOSAGE OF BUSULPHAN 





Period indicated 


FIG. 7. CHRONIC GRANULOCYTIC LEUKAEMIA: 
RATE OF CHANGE IN TOTAL LEUCOCYTE COUNT 
IN RELATION TO DOSAGE OF BUSULPHAN 


io NO TREATMENT 









BUSULPHAN 
(2 mg. daily) 


BUSULPHAN 
(3 mg. daily) 


BUSULPHAN (4 mg. daily) 


40 80 120 160 200 


Abscissae: days after commencement of therapy with stated 
dose of busulphan or after termination of therapy 

Ordinates: rate of change of leucocyte count 

Upper dashed line: leucocyte count doubled 

Lower dashed line: leucocyte count halved 


The letters refer to the periods indicated in fig. 6 and in Table I. 


Knowledge of the doubling time therefore is helpful in decid- 
ing whether continuous therapy with busulphan is indicated. 
If the patient has already received radiotherapy the doubling 
time will be known beforehand, as in the case illustrated in 
figs. 3 and 5, where the short doubling time (18 days) following 
the last of five courses of radiotherapy should have indicated 
the need for continuous therapy with busulphan. When 
administration of the drug was discontinued, the leucocyte 
count again increased with a doubling time of 18 days. 
Patients suffering from chronic granulocytic leukaemia 
usually seek medical advice because they have symptoms. 
Treatment must therefore be given without knowing the 
doubling time. Busulphan may be administered orally at a 
dose of 4 mg. daily until the leucocyte count falls to about 
10,000/mm.*. Four further leucocyte counts at fortnightly 
intervals will permit an estimate of the doubling time to be 
made. If this is much less than 70 days, maintenance therapy 
should be considered, even though the clinical condition is 


Sicilia i Doubling CH) md, excellent and the haemoglobin concentration still increasing. 
a (weeks) = Perse Sree el The dose of busulphan required for maintenance must be 

(days) * sought by trial and error but it is useful to begin with 2 mg. 

- aa daily and to make adjustments according to the trend of the 
f 9 None +64 leucocyte counts. Adjustments in dosage should be made as 

5 30 None 456 infrequently as possible and are rarely required more often 

‘ 28 > vise ini than once in two months. Schedules involving arbitrary step- 

wise alterations in dosage at intervals of a few days should be 

8 14 2 +204 avoided because the ensuing changes in the leucocyte count 

h 28 3 —140 are complex and difficult to interpret, while prediction of 

= | e 12 3 —120 subsequent trends becomes impossible. Some authors prefer 
- d 17 4 _34 to give higher doses for the initial course of treatment (Hyman 
. 19 4 2 & Gellhorn, 1956; Unugur et al. 1957). The leucocyte count 


then falls very rapidly and, when administration of the drug 
is discontinued, a rapid but transient increase in the leucocyte 
count often occurs; this rebound phenomenon bears no 


a 


* Data in this column appear graphically in fig. 7 


81 


pull, PL 1S No. 1 











TREATMENT OF CHRONIC LEUKAEMIAS D. A. G. Galton 


obvious relation to the exponential increase characteristic of 
relapse, and the dose of busulphan required to reverse the 
rising leucocyte count is always smaller than would be 
expected and is difficult to judge. The administration of large 
doses is associated with greater risk of toxic damage to the 
bone-marrow. 


b. Resistance to Therapy 


The disease invariably enters a stage of more rapid progress. 
Following later courses of radiotherapy to the spleen for 
example, shortening of the doubling time is observed (figs. 
2-5) and the dose of radiation subsequently required to bring 
about the desired fall in the leucocyte count has to be in- 
creased, while regression of the spleen no longer occurs. 
Patients receiving continuous treatment with busulphan also 
enter a period when the maintenance dose no longer prevents 
the leucocyte count from rising. This change may not occur 
for several years (figs. 6, 7) but is sometimes apparent during 
the first year of treatment. The maintenance dose of busul- 
phan must then be increased every few months to keep pace 
with the tendency of the leucocyte count to rise. In most 
cases an increment of 0.5 mg. to the daily dose will suffice for 
several months, after which a further increment becomes 
necessary. Eventually the progress of the disease can no longer 
be arrested by controlling the leucocyte count. The blood 
picture changes; increased numbers of immature granulocytes 
appear and many cells show abnormalities of maturation, 
including nuclear defects, cytoplasmic vacuolation, and 
irregularities in the numbers, shape, size and staining pro- 
perties of the specific granules. The absolute myeloblast 
count, however, does not always increase. The spleen may 
increase in size during this period and sometimes almost fills 
the abdomen. The haemoglobin concentration is often well 
maintained for many months after the onset of these changes 
but eventually falls. The disease then enters its terminal phase; 
thrombocytopenia ensues and the patient dies in a haemor- 
rhagic state. 

It was hoped that, as more agents became available, the 
prospects of treatment during the resistant phase would 
improve, but, at present, little can be done. The administra- 
tion of 6-mercaptopurine or of deacetylmethy! colchicine will 
almost always reduce the leucocyte count and may cause the 
spleen to regress, but only rarely does the haemoglobin 
concentration increase, and the duration of benefit is usually 
less than a year. The regulation of the dosage of these drugs 
requires frequent blood counts and, although it is often possi- 
ble to treat on an out-patient basis, the frequent visits to 
hospital, and the anxiety associated with the knowledge that 
his disease is no longer so easy to control, must rob the 
patient of much of the benefit conferred. Nevertheless, some 
patients have carried on their occupations until a few days 
before death. 

About one-third of the patients die in ‘‘ myeloblastic crisis” 
(Lawrence, Dobson, Low-Beer & Brown, 1948). The myelo- 
blast count increases rapidly with a doubling time of about 
four days and the patient dies after a few weeks. This condi- 
tion may intrude without warning at any stage of the disease 
and does not appear to be related to the type or amount of 
treatment received. Blackburn et a/. (1956), reporting a small 
series of patients, thought myeloblastic crisis to be more 
frequent in those treated with busulphan; but further experi- 
ence does not bear this out (Scott, 1957a). 
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c. Toxicity of Busulphan 

Busulphan, like ionizing radiations and other cytotoxic 
agents, is a powerful depressant of haemopoiesis (Elson, 
Galton & Till, 1958). Hence, its use in therapy always incurs 
a risk of inducing aplasia of the bone-marrow which occa- 
sionally proves to be irreversible (Hayhoe & Kok, 1957). It is 
unlikely that this catastrophe can be entirely avoided but its 
incidence can certainly be reduced. The majority of patients 
respond to daily doses of 4 mg. and it is only rarely that larger 
doses are required. When larger doses must be used, blood 
counts should not be performed less frequently than once 
weekly. The semi-logarithmic chart is of the greatest value in 
predicting the rate of fall of the leucocyte count. Busulphan 
is not a cumulative drug and the leucocyte count usually 
begins to increase within a few days of discontinuing treat- 
ment. There is no “‘safe”’ level of leucocyte count. It is the 
rate of fall that is important in regulating dosage. Patients 
should not be supplied with more tablets than they will need 
until their next visit. When the leucocyte count falls at the 
predicted rate it should be safe to continue administration 
until the count approaches 10,000/mm.*, but if it starts to fall 
more quickly than would be expected from extrapolation of 
the earlier counts, administration should be discontinued 
immediately and blood counts performed every few days until 
the danger of aplasia has passed. 


5. Chronic Lymphocytic Leukaemia 
a. General Problems 


Chronic lymphocytic leukaemia is a highly variable disease 
in its onset, symptomatology, clinical and haematological 
manifestations, course and response to treatment. In some 
cases (figs. 8, 9), the leucocyte count increases in the same 
exponential manner as was described for chronic granulocytic 
leukaemia, but more often successive counts taken during 
many months or even years vary in an apparently random 
fashion. Shimkin, Lucia, Opperman & Mettier (1953), in an 
analysis of 137 cases, found no relation between the survival 
times and the height of the leucocyte count at the time of 
diagnosis. However, Minot & Isaacs (1924) described three 
untreated patients who lived between 11 and 22 years after the 
diagnosis was made, and the leucocyte counts were relatively 
low (less than 50,000/mm.*) throughout the course of their 
disease. This was true also in a treated patient still living 
114 years after the diagnosis was made (Walter, Szur & Lewis, 
1958), but in another who survived 29 years from the time of 
diagnosis (Marlow & Bartlett, 1953) leucocyte counts higher 
than 100,000/mm.* were first recorded 24 years before death. 

The number and size of the enlarged lymph nodes and the 
size of the liver and spleen are not clearly associated with the 
trend in the leucocyte count or with the extent of the lympho- 
cytic infiltration of the bone-marrow. All the manifestations 
of increased lymphopoiesis may exist in a severe form in 
patients whose health is apparently good and the disease is 
often discovered during the investigation of unrelated condi- 
tions. In contrast with chronic granulocytic leukaemia, few 
patients die as a result of a rapid increase in the lymphoblast 
count (Minot & Isaacs, 1924; Shimkin et al. 1953) and the 
threats to life are anaemia, intractable infections and uncon- 
trollable haemorrhage. These events are not clearly associated 
with the extent or distribution of the lymphocytic infiltration 
of the organs and there is no good evidence that treatment 
designed to suppress lymphopoiesis postpones their onset. 
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FIG. 8 CHRONIC LYMPHOCYTIC LEUKAEMIA: 
CHANGES IN HAEMOGLOBIN CONCENTRATION, 
TOTAL LEUCOCYTE AND NEUTROPHIL COUNTS 
FOLLOWING INTERMITTENT IRRADIATION OF 
—— AND TREATMENT WITH CHLORAM- 
B L 


CHLORAMBUCIL 
(mq. daily) “s 





Abscissae: time (months) 


--?--: trends inferred by extrapolation 


The anaemia may result from deficient erythropoiesis, from 
shortening of the red-cell life-span, with or without haemolysis 
of auto-immune type (Dacie, 1954, 1959), or from haemor- 
rhage. Combined studies of red-cell survival and of bone- 
marrow function have shown that the cause of the anaemia 
varies and that the ability to maintain a normal haemoglobin 
concentration under the stress of increased red-cell destruction 
may be limited by deficiency of the reserve capacity for 
erythropoiesis (Wetherley-Mein, Epstein, Foster & Grimes, 
1958). The susceptibility to infection is partly a result of 
neutropenia due to deficient granulopoiesis and partly may be 
a consequence of defective antibody production as suggested 
by quantitative or qualitative defects in the serum y-globulins. 
The haemorrhagic tendency is commonly associated with 
thrombocytopenia due to deficiency of megakaryocytes or in 
some cases apparently to the presence of antiplatelet anti- 
bodies (Dausset, 1957). 


b. Indications for Treatment 


External radiotherapy, radioactive phosphorus, steroid 
hormones and alkylating agents, exemplified here by chloram- 
bucil, may all be used in treatment, while splenectomy has 
been used with success in exceptional cases. External radio- 
therapy is undoubtedly the best means of reducing the size of 
enlarged groups of lymph nodes and, in the earlier stages, of 
the spleen. Radiotherapy to the spleen is sometimes followed 
also by shrinkage of the lymph nodes. Chlorambucil is often 
effective in reducing the size of the spleen and of the nodes, 
but much enlarged nodes often regress slowly and incom- 
pletely. Since enlargement of lymph nodes and spleen is 
compatible with good health for many years, it may be asked 
in what circumstances treatment intended to reduce their size 
is indicated. All would agree that enlargements causing pain, 
discomfort, or pressure on veins or lymphatics require treat- 
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FIG. 9 CHRONIC LYMPHOCYTIC LEUKAEMIA: 


CHANGES IN HAEMOGLOBIN CONCENTRATION, 
AND IN PLATELET, TOTAL LEUCOCYTE AND 
NEUTROPHIL COUNTS FOLLOWING TREAT- 
MENT WITH CHLORAMBUCIL 
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ment and that this is best accomplished by external radio- 
therapy. “Lumps” which are a source of worry or disfigure- 
ment also merit treatment. Treatment with chlorambucil or 
radioactive phosphorus is to be preferred when there is 
generalized lymph-node enlargement. Generalized regression 
of enlarged lymph nodes and spleen is induced, while lassitude, 
weight loss, sweating and fever are frequently relieved. 
Whether symptomless patients require treatment at all is 
debatable. It is doubtful whether early treatment defers the 
onset of potentially lethal complications, although Osgood 
& Seaman (1952) have claimed that it does. All forms of 
treatment are, however, associated with risks because the 
bone-marrow in chronic lymphocytic leukaemia is particu- 
larly susceptible to damage by ionizing radiations or by cyto- 
toxic drugs. The risks of haemorrhagic phenomena due to 
thrombocytopenia are great, and treatment-induced neutro- 
penia may expose the patient to infection against which his 
resistance is poor. 

Scott (1957b) pointed out that anaemia was not often 
favourably influenced by treatment in chronic lymphocytic 
leukaemia and that its relief was usually of small degree and 
poorly sustained. Nevertheless, relief is sometimes dramatic 
and patients who have required repeated transfusions have 
maintained normal haemoglobin levels after treatment by 
irradiation or with chlorambucil or steroid hormones for 
months or even years. In fig. 8 are shown the haemoglobin 
concentration, and total leucocyte and neutrophil counts of an 
anaemic patient with generalized lymphadenopathy and gross 
splenomegaly who was treated during a period of three years, 
first by irradiation of the spleen and later with chlorambucil. 
The haemoglobin increase was substantial after the first 
course of treatment, less satisfactory thereafter, and the anae- 
mia was not influenced by the second course of chlorambucil. 
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Anaemia was relieved on two occasions by chlorambucil in 
the patient whose blood counts are illustrated in fig. 9. The 
rate of fall in haemoglobin concentration increased during 
the period when the leucocyte count was falling rapidly, and 
transfused blood was rapidly destroyed. The direct and 
indirect antiglobulin tests were negative throughout the 
period of observation. 


c. Results of Treatment 


The results of treatment by radiotherapy and by chloram- 
bucil in chronic lymphocytic leukaemia may be classified as 
follows: (i) a minority of patients who are gravely ill with 
active disease respond dramatically to treatment. The whole 
course of the disease appears to be altered and the patients 
are restored to good health and often require no further treat- 
ment for several years; (ii) a larger group of patients respond 
less well; treatment is more or less effective in relieving 
symptoms, but must be repeated at intervals varying from a 
few months to two years or more (figs. 8, 9). This group in- 
cludes patients who require local radiotherapy for the treat- 
ment of enlarged lymph nodes; (iii) a large group of symptom- 
less patients derive little or no benefit; although treatment 
is effective in reducing the lymphocyte count and the size of 
infiltrated organs, it plays no ascertainable part in controlling 
the disease although frequently claimed to do so; (iv) a small 
group of patients are harmed rather than benefited, the treat- 
ment simply resulting in neutropenia or thrombocytopenia. 

External radiotherapy, radioactive phosphorus, chloram- 
bucil and other chemotherapeutic agents have contributed to 
the results in all these groups. The probable outcome of 
treatment cannot be foreseen and there is no way of pre- 
selecting the patients in the first group. 


d. Use of Chlorambucil 


The range of dosage within which chlorambucil is effective 
in reducing the leucocyte count is wide when compared with 
that of busulphan in the treatment of chronic granulocytic 
leukaemia. In my experience the effective total dose range 
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has extended from 1.7 to 11.2 mg./kg.; in most cases the dose 
was between 3 and 4 mg./kg. of body-weight. The duration of 
treatment depends on the rate of fall in the leucocyte count; 
when the daily dose is 0.1 mg./kg. of body-weight, blood 
counts are performed not less than once in two weeks and 
treatment is required for 4-8 weeks (fig. 8). If the patient is 
responding well the daily dose may be reduced in the last few 
weeks. When the daily dose is 0.2 mg./kg. the leucocyte count 
falls more rapidly and is usually normal in 2-3 weeks. Treat- 
ment should then be discontinued, but may be resumed at 
lower dosage when the leucocyte count rises again (fig. 9). 
Occasionally, maintenance therapy with small daily doses of 
4-6 mg. may be tried but this increases the risk of causing 
permanent injury to the bone-marrow. The presence of 
purpura is a contra-indication to the use of chlorambucil, but 
the drug may be given cautiously in the presence of moderate 
thrombocytopenia (platelet counts 50,000-100,000/mm.®) 
(Galton et al. 1955, 1958). 


e. Steroid Hormones 


Cortisone, prednisone, prednisolone or triamcinolone are 
often effective in relieving anaemia, neutropenia or thrombo- 
cytopenia and in reducing the extent of lymphocytic infiltra- 
tion (Freymann & Vander, 1958). They may succeed when 
radiotherapy or chemotherapy have failed, but should not be 
used as the first line of treatment because administration, 
once begun, must be continued indefinitely, since withdrawal is 
usually followed by rapid relapse. As the effective daily dose 
is sometimes higher than 200 mg. of cortisone or its equivalent, 
the risks cannot be ignored. In the presence of purpura or of 
overt haemolytic anaemia, however, steroid therapy is the 
treatment of choice. Purpura may disappear although the 
platelet count remains low. 
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Clinical Haematology in Medical Practice 


G. C. de Gruchy. Oxford: Blackwell Scientific Publications, 
1958. xii + 620 pages; figures. 23 x 15cm. £2 10s. 


This is an excellent book and a valuable addition to medical 
literature. Without hesitation I can recommend it to anyone 
working either in the wards or in the laboratory who wishes to 
learn how to investigate, diagnose and treat haematological 
conditions. 

The whole field of haematology is covered—erythropoiesis and 
the anaemias, leucopoiesis and the leucocytic disorders, polycy- 
thaemia and myelosclerosis, the malignant lymphomata, the 
haemorrhagic diseases and disorders of pigment metabolism. Each 
group of blood disorders is dealt with in turn from both the clinical 
and haematological aspects, and the differentiation of the various 
types within each group of disorders is discussed, both primary 
conditions and conditions secondary to other diseases being con- 
sidered. Tables showing aetiological classification and differential 
diagnosis will, I feel, be most useful, as will the summaries of 
methods of investigation. Technical details of tests are not given; 
they would be out of place in a book of this kind. 

This book is also remarkable for the very lucid style of writing, 
and the photographs and photomicrographs are of good quality. 
References have been kept out of the text deliberately, except for a 
few important ones, but each chapter ends with a list of selected 
papers and reviews for further reading. Although this procedure 
makes the book much easier to read, it can sometimes cause doubt 
in the reader’s mind as to whether a stated opinion is the author’s 
own opinion and whether it differs from the opinions of other 
haematologists. I had such thoughts, but only occasionally, and 
then nearly always when methods of treatment were being con- 
sidered and when my own opinion was different. For instance, 
I differ from the author in believing that peripheral blood responses 
to large doses of vitamin B,, are not always specific, e.g., occasional 
cases of folic acid deficiency will show a good initial response; and 
that adequately treated cases of pernicious anaemia may last much 
longer than three years without relapsing if treatment is stopped. 
Also I feel that perhaps it was a little hasty to mention the Stuart 
and Prower factors as being established as separate blood coagu- 
lation factors (recent evidence suggests that they may be identical), 
and I noted the occasional absence of a reference from a chapter’s 
bibliography when a paper had been mentioned in the text. But 
such matters as these do not detract from the value of the book as 
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a whole, and I am confident that it will be a most useful and 
appreciated publication. 


J. G. Selwyn 


Proceedings of the Sixth International Congress of 
the International Society of Hematology 


Prepared and edited by the Publication Committee of the VI 
International Congress of Hematology. New York: Grune & 
Stratton, 1958. xxii + 930 pages. 26 x 17 cm. £9 2s. 


This volume contains the Proceedings of the Congress that was 
held in Boston, USA, in August 1956. The articles are grouped 
under six main headings: leukaemia, nucleonics, spleen and hyper- 
splenism, haemorrhagic disorders, anaemia, and immunohaemato- 
logy. There are papers on experimental aspects of leukaemia, and 
on the statistics and therapy of human leukaemia. Noteworthy is 
the report from the National Cancer Institute, Bethesda, Maryland, 
on a controlled therapeutic trial of antimetabolites in acute leukae- 
mia, as are the recommendations of Holland, Frei, and Burchenal 
regarding the criteria for the assessment of therapeutic agents. 
Many papers in all sections record the successful exploitation of 
techniques involving the use of radioactive tracers, which have led 
to important additions to basic physiology. The section on harmful 
effects of irradiation includes a description of acute irradiation 
injury in man, and there are several contributions on experimental 
bone-marrow grafting and its possible application to the human 
subject. The section on the spleen contains Baldini’s account of 
the elegant experiments by which he showed that the anaemia 
associated with splenomegaly results partly from suppression of 
bone-marrow activity and partly from increased red-cell destruction. 
The papers on the haemorrhagic disorders remind us that the 
terminology of the coagulation factors remains confused. There 
are valuable papers on the haemoglobinopathies, and work on the 
erythropoiesis-stimulating factor is well represented. In the section 
on immunohaematology there is a fascinating account, in French, 
of the experimental production of a disease resembling Henoch- 
Schénlein purpura by immunological means. Much of the work 
reported at congresses is necessarily of passing interest, but there 
are here notable surveys based on many years’ experience, on 
hypersplenic: syndromes by Doan, Bruce & Wiseman, and on 
pernicious anaemia by Castle. 

The Congress was the largest since the series began in 1948, and 
the formidable task of editing and publishing over 600 contribu- 
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tions was undertaken by the Publication Committee which had 
little money and few facilities at its disposal. It was decided to 
publish many contributions as abstracts, since extensive editorial 
revisions, retyping, and redrawing of figures could not be under- 
taken. Papers that had been published elsewhere, or were judged to 
add little to existing knowledge, were also published as abstracts. 
These had appeared already in the official programme, and 16 papers 
listed there do not appear at all in the Proceedings. Some, but 
certainly not all of these, may not have been read. Abstracts, 
though helpful to participants at the Congress, have no lasting 
value, and their inclusion must have increased the cost, which, at 
over £9, is excessive. The presentation of the papers published in 
full is uneven, and there are too many errors in the text, in the 
references, and even in the titles, where for example, “‘therapy” 
appears as “‘theory”’, “‘intermediate” as “immediate”, and “‘dam- 
age” as “diagnosis”. Nevertheless, much valuable work is 
brought together and, considering the immense difficulties that had 
to be overcome, the production is good, the print clear, and the 
photographs are mostly excellent. D. A. G. Galton 


The Circulation of the Blood 


Two anatomical essays by William Harvey, together with nine 
letters written by him: the whole translated from the Latin 
and slightly annotated by Kenneth J. Franklin. Oxford: 
Blackwell Scientific Publications, 1958. xxiii + 184 pages; 
3 plates. 22 x 14cm. £1 2s. 6d. 


One of William Harvey’s rewards for a tireless quest after truth, 
and his recompense for finding it, was a lifetime of criticism. He 
made no counter-attack in print, however, until 21 years after the 
publication of De motu cordis, when in 1649 he addressed two 
essays to one of his most important adversaries, John Riolan, in 
a book, De circulatione sanguinis. Harvey took each argument and 
effectively demolished it with lucid reasoning and experimental 
evidence. He also included his further clinical and experimental 
experience so that this treatise may be regarded as an appendix 
to the De motu cordis. 

After the appearance in 1957 of Professor Kenneth J. Franklin’s 
outstandingly successful English version of the De motu cordis, he 
was encouraged to translate the remaining circulatory writings of 
Harvey. Inspired by his hero’s sparkling genius and by the joy of 
communicating with him through his writings, Professor Franklin 
took on the task. In arrangement and in format, his rendering of 
the De circulatione sanguinis closely resembles that of his De motu 
cordis and it is intended as a companion volume; the production 
is of the same high order. The essays to Riolan form the bulk of its 
contents but there are also eight letters to European physicians. 
The English translations with brief explanatory notes are arranged 
chronologically and prefaced by a short biographical sketch of 
Harvey. Then follows the Latin text taken from the Opera omnia 
of 1766, and finally a short bibliography. The thoughtful selection 
of illustrations and decorations is evident, and Professor Franklin’s 
——— reading list in the preface is another commendable 
eature. 

As was to be expected, Professor Franklin handles Harvey’s 
Latin faultlessly and the English style is appropriate to its author. 
As in his De motu cordis, he has produced an accurate and readily 
understood version, vastly superior to that of Robert Willis (1847) 
whose Victorian grandeur of prose served at times to mask in- 
accuracies or difficult passages. The notes are a valuable addition, 
although there could perhaps have been some indication, in the 
relevant parts of the text, of their existence; no doubt the translator 
preferred to avoid deterrents to the flow of ideas. Discussion of 
Riolan’s opposition could have been amplified, for it is only fair to 
record that he accepted part of Harvey’s theory. Some may con- 
sider the inclusion of one or two of the letters under the title of 
The circulation of the blood inappropriate, but although they may 
not relate directly to Harvey’s circulatory work they nevertheless 
give us additional information about the man. 

And this is one of the main values of a book which will be 
treasured by those who are already indebted to Professor Franklin’s 
scholarship and industry. With the help of an elegant and inspired 
translation, William Harvey steps from these pages with stature 
further increased. And when we contrast his clear and logical 
arguments, invariably supported by the appropriate experimental 
evidence, with the labyrinthine theorizing of his opponents, we 
envisage a shaft of daylight, illuminating a dim and confused 
medical world. Edwin Clarke 


Symposium on Protein Structure 


Edited by Albert Neuberger. London: Methuen & Co. Ltd.; 
New York: John Wiley & Sons, Inc., 1958. 351 pages; 
figures; plates. 24 x 16cm. £2 5s. 


The 36 papers in this volume were originally intended as con- 
tributions to a symposium in Paris in 1957, organized by the 
Protein Commission of the Section of Biological Chemistry of the 
International Union of Pure and Applied Chemistry, on the prob- 
lem of the homogeneity or “purity” of proteins. In the event, the 
symposium was expanded to give an all-round survey of current 
research into protein structure. 

As one of the most widely studied proteins, haemoglobin—to- 
gether with myoglobin—is discussed in a group of five papers. Two 
short papers by J. C. Kendrew and M. F. Perutz discuss the position 
which has now been reached in the x-ray analysis of the structure 
of myoglobin and haemoglobin respectively. For the non-specialist 
reader, a recent review article by Perutz (Endeavour, 1958, 17, 190) 
may help to relate the x-ray findings to simpler structural concepts, 
A. Rossi-Fanelli & E. Antonini briefly summarize their work on 
the heterogeneity of human myoglobin, in which they have demon- 
strated three components; at least one of their two minor com- 
ponents appears to have all the properties of a true myoglobin. 
A. Rossi-Fanelli and co-workers also describe a new type of myo- 
globin, found in two Mediterranean molluscs, which has some 
interesting similarities and differences in comparison with mam- 
malian myoglobin. Finally, a paper by J. A. Hunt & V. M. Ingram 
summarizes their demonstration that the allelic mutations responsible 
for the production of haemoglobins S and C both operate by 
changing the nature of a single amino-acid residue at the same 
point in the haemoglobin A half-molecule. 

The other five groups of papers include, inter alia, a discussion 
by L. Pauling of a further structural principle that may be operative 
in the folding of polypeptide chains, and an interesting account by 
C. Tanford, with many references, on the pH-dependence of the 
configuration of globular proteins in solution. F. Sorm has sum- 
marized the Czechoslovakian work on the nature of the peptides 
obtained by the partial hydrolysis of several proteins; those studied 
include horse and hog haemoglobins, which give many common 
dipeptide fragments. Other papers deal with experimental methods 
and with detailed studies on specific proteins, including various 
proteolytic enzymes, ribonuclease, tobacco mosaic virus and some 
protein hormones. 

This volume will be welcomed for its valuable and authoritative 
reviews on many aspects of a wide field of research which contains 
many very active workers. 

G. H. Beaven 


Radioisotope Techniques in Clinical Research and 
Diagnosis 


N. Veall & H. Vetter. London: Butterworth & Co. (Publishers) 
Ltd., 1958. xii + 417 pages; 74 figures. 22 x 14cm. £2 10s. 


The past decade has seen the rapid growth of the use of radio- 
isotopes in clinical research, in diagnosis and in therapy. No 
clinician can now afford to be ignorant of the subject, but without 
specialized training many have been confounded by the complexi- 
ties of machines and counting techniques which seem almost to 
have an aura of magic about them. Veall & Vetter have combined 
to write a readable, clear and comprehensive account of the clinical 
use of radioisotopes, and this book is highly recommended to all 
clinicians who seek a guide to the subject. 

The first part of the book deals with general principles of radio- 
isotopes and their characteristics. This is followed by the necessary 
statistical factors which must be considered in measurement of 
radioactivity. The principles of various types of radioactive de- 
tectors are then explained, also the use of various types of equip- 
ment for measuring samples of different kinds and for in-vivo 
counting. Radiation hazards and dosimetry, and some simple 
analyses of dynamic systems which may be encountered in radio- 
active studies, are also considered. 

The second half of the book includes chapters on the application 
of radioisotopes to specific problems in clinical medicine. Emphasis 
is laid on techniques which have already proved their value in 
clinical research and diagnosis. In reading these chapters, it is 
clear how large a part radioactive isotopes have contributed to 
recent research in, for example, a field such as haematology. Here 
the use of isotopes of phosphorus, iron, vitamin B,, and chromium 












has given us methods for studying blood volume, red-cell survival, 
blood formation and destruction, absorption of essential haema- 
tinics and so on. 

For a clinician taking up a specific type of investigation, the 
information in this book is of necessity condensed; but the essential 
facts are here, and the book forms an admirable basis for any work 
in the field of isotopes. It deserves to be very widely read. 


Sheila T. Callender 


Methods of Analytical Histology and Histo- 
Chemistry 


Edward Gurr. London: Leonard Hill (Books) Limited, 1958. 
xv + 327 pages; formulae; 1 plate. 26 x 16cm. £3 10s. 


This is, in effect, a catalogue of histochemical and histological 
staining techniques. It is divided into 11 sections, the first eight 
dealing respectively with the identification of proteins and amino 
acids, carbohydrates, lipids, nucleic acids, pigments, enzymes, 
miscellaneous organic substances and inorganic substances. These 
sections open with short “Introductions”, in which theoretical 
aspects are briefly discussed. Thus, at the beginning of section 1, 
five pages are devoted to a few notes on the properties and classi- 
fication of polypeptides and proteins. The main part of each 
section comprises a series of practical methods, each clearly and 
concisely set out as a detailed, step-by-step, process. Expected 
results, brief notes and observations are added where necessary. 
The author has included not only those techniques which are strictly 
histochemical but also empirical methods where these are deemed 
useful. References are given in each section, and an additional 
bibliography comprises section 10. Section 9 lists sundry technical 
methods such as the use of dioxane, low viscosity nitrocellulose, 
water wax and the cutting of frozen sections. In the appendix 
(section 11) there is a considerable amount of valuable information 
—the preparation of buffer solutions, the molecular weights and 
solubilities of reagent chemicals, the formulae and solubilities of 
various dyes, and the formulae of fixing fluids and standard staining 
solutions. Section 7 includes several subjects that could have been 
more conveniently placed in other chapters. For example, the 
various extraction methods for deoxyribonucleic acid and ribo- 
nucleic acid would be better included in section 4, and the reaction 
for acetal lipids (plasmal) in section 3. 

The majority of the techniques described are those appearing in 
other modern works on histological and histochemical methods. 
Presumably the author has himself tested the various techniques 
he details, but one often looks in vain for evidence of this. Some 
histochemical reactions are notoriously fickle, success or failure 
often depending on minor modifications. In these circumstances 
it would be most valuable to learn which particular method of 
demonstrating a given substance or chemical group has been found 
most satisfactory in the author’s hands, which technique is most 
applicable to a given tissue and whether or not comparable results 
are obtained in animal and human material. Comments of this 
type would be particularly helpful to those “‘users of this book . . . 
working in isolated parts of the world without ready access to 
libraries” whom Mr Gurr mentions in his preface. Similarly it 
would be interesting and useful to know, for example, how often, 
in what tissues and under what circumstances the author has ob- 
tained an “intense purple colour” with Mendel and Bradley’s 
method for zinc. The somewhat naive excursion into diagnostic 
pathology on page 41 (‘‘. . . positive smears should be corrobo- 
rated whenever possible by biopsy or X-ray before any major 
surgery is performed”) is hardly congruous in a volume of this 
nature. The only illustrations in the book are six photomicrographs 
on the colour plate which has been reproduced from the article by 
ve Turner & De Boer in the Journal of Anatomy (1956, 90, 

). 
_ Despite the shortcomings, Mr Gurr has clearly produced a con- 
siderable work of collation which should be of practical value in 
the laboratory, especially if used in conjunction with other more 


critical texts. 
N. F. C. Gowing 
Enzymes 
Malcolm Dixon & Edwin C. Webb. London: Longmans, Green 
& Co., 1958. xxxiii pages (including photomicrographs) + 
782 pages; figures. 23 x 15cm. £4 10s. 


This book, by two outstanding workers from Cambridge, one of 
the birthplaces of enzymology, is one which calls for superlatives. 
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It has an assurance and discrimination which can only come from 
a combination of complete mastery of the subject with the ability 
to write clearly and straightforwardly. The confusing mass of 
detail of the exhaustive monograph, and the superficiality of the 
small text-book, have equally been avoided. Here, in one volume 
well worth the price to the individual worker, is information that 
will satisfy the practising enzymologist, as well as those in other 
fields requiring a source-book of basic information. 

The introductory chapters cover techniques, isolation and, in a 
particularly clear manner, kinetics. This is followed by discussion 
of the nature of enzymic reactions, their mechanism and specificity, 
and the functioning of co-factors and inhibitors. The fascinating 
problems of structure and biosynthesis are dealt with next, and 
finally the over-all role of enzymes in life processes, and the associa- 
tion of groups of individual enzymes into enzyme systems, are dis- 
cussed. The documentation is excellent (more than 2,300 references) 
and one of the main features of the book is a comprehensive table 
of the nearly 700 enzymes known up to 1957, which are divided 
according to the type of reaction carried out. This table is a mine 
of information. 

The haematologist looking for information on subjects such as 
the pathway of biosynthesis of porphyrins, or of haemoglobin or 
phospholipids, should not look here in the first place for outlines 
of metabolic pathways. But if he knows the pathways, he can find 
here how the reactions are brought about. This is not a text-book 
on intermediary metabolism; it is a text-book on the tools by which 
metabolic reactions are carried out. And as such it seems to the 
reviewer to be a book unlikely to be surpassed for very many years. 


C. E. Dalgliesh 


The Borderland of Embryology and Pathology 


R. A. Willis. London: Butterworth & Co. (Publishers) Ltd., 
1958. ix + 627 pages + 33 index pages; 244 figures. 25 x 
17 cm. £4 10s. 


That many pathological conditions have their source in some 
prenatal aberration of development has been widely recognized for 
more than acentury. Sometimes, as with Cohnheim’s “rest” theory 
of tumours, more weight was laid upon the supposed connexion 
than it has since been found able to bear. But, although this par- 
ticular belief has now been generally abandoned, there remain 
numerous instances in which the study, of embryology throws a 
penetrating light on the origins of structural and functional dis- 
orders that only manifest themselves in later life. 

In the present volume, Professor R. A. Willis, as a pathologist, 
has sought to trace in a comprehensive and systematic manner the 
developmental origins of a wide variety of pathological states. In 
doing so, he has produced a series of essays, each more or less self- 
contained and bearing on some particular aspect of the connexion. 
While all 15 chapters are stimulating, some three or four stand out 
with notable prominence. 

The chapter on developmental vestiges and their pathology pro- 
vides the morbid anatomist with a valuable review of the many 
unfortunate sequelae that may follow the persistence of structures 
that should either have regressed during later development or been 
retained only in an atrophic functionless form. Few pathological 
conditions provide more baffling enigmas than the hamartomata 
—the tumour-like but seldom neoplastic masses described and 
named by Albrecht half a century ago. Their systematic con- 
sideration in one of the chapters will be very welcome. But the 
portion of the book to which most readers will turn with the 
greatest interest will be that dealing with teratoids and terato- 
blastomata—the field of pathology which the author has made 
peculiarly his own and over which his mastery is unchallenged. 

The present volume has the same scholarly presentation and 
eminently readable character as the author’s earlier well-known 
monographs on tumours. As in them, each chapter is fully docu- 
mented and carries references not only to important original 
British and American contributions but also to articles selected for 
their value as reviews. By so doing, the book provides an un- 
rivalled guide for anyone seeking further information from the 
relevant literature. 

The letter-press, illustrations and general format have the high 
standards customary with the publishers. 


G. Payling Wright 



























































































































































































































































































































Cancer. Volume 3: Additional Pathological Aspects; 


Geography of Cancer; Occupational Cancer; 
Cancer Education; Cancer Detection 


Edited by Ronald W. Raven. London: Butterworth & Co. 
(Publishers) Ltd., 1958. viii + 483 pages + 18 index pages; 
165 figures. 25 x 17cm. £4 5s. 


Cancer. Volume 4: Clinical Aspects of Malignant 
Tumours 


Edited by Ronald W. Raven. London: Butterworth & Co. 
(Publishers) Ltd., 1958. ix + 532 pages + 23 index pages; 
173 figures. 25 x 17cm. £4 5s. 


The reviewer would like to make it clear from the outset that he 
was asked to comment on the two volumes particularly from the 
point of view of the leukaemias and tumours of lymphoid tissue, 
as this review is to appear in a number of the Bulletin concerned 
with these subjects. The reader will then understand the emphasis 
which is given to these sections. 

Volume 3 comprises five parts, the titles of which are given above. 
The volume brings together a truly international array of talent; 
the writers concern themselves with some additional pathological 
aspects of cancer, dealing, for example, with immunological factors 
and tissue-culture work. A further section is devoted to the geo- 
graphy of cancer, including a contribution on cancer in India by 
Professor V. R. Khanolkar. Ethel Browning has written a chapter 
on occupational leukaemia and this, embracing as it does the various 
types of exposure to ionizing radiation liable to occur in industry, 
radiography and medicine and also the influence on the haemo- 
poietic system of some of the aromatic hydrocarbons, was of 
particular interest to the reviewer. In such a well-presented account 
it is perhaps churlish to criticize the statement that “‘It is fairly well 
established that trauma, in the form of mechanical injury to bone, 
has a definite causative association with leukaemia with a latent 
period of manifestation”. It is felt that such a statement—apart 
from the fact that it must be extraordinarily difficult to substantiate 
—is in itself misleading. 

Volume 4 consists of 34 chapters dealing with the clinical aspects 
of malignant tumours, which for the most part are classified on a 
regional basis. This then is the volume most likely to be read by all 
clinical workers in the cancer field. It is noted that of the 29 con- 
tributors, 26 originate in Great Britain; thus the international 
flavour is less evident than in the previous volumes. 

The chapter on malignant tumours of the reticulo-endothelial 
system is written by Dr Thompson Hancock. In the reviewer's 
opinion it is a very considerable achievement to have compressed 
into 30 pages such an adequate account of this large subject. This 
account can be regarded as a model of clarity and clear thinking, so 
that the criticism which follows can undoubtedly be put down to 
problems of space restriction with which the author must have been 
beset. The description of the acute leukaemias is inadequate mainly 
because the subject just cannot be dealt with in under two pages, 
and also because it fails to stress sufficiently the difference in 
response to chemotherapeutic agents that is shown by the childhood 
and adult forms of acute leukaemia. It has not been made clear 
that the steroids such as prednisone are capable of bringing about 
a measure of control in chronic lymphatic leukaemia, and one 
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Blood Groups 


cannot entirely agree with the statement that monocytic leukaemia 
responds better to treatment than the acute myeloid or the acute 
lymphatic varieties. 

The section on cancer of the breast was read with particular 
interest, for it is recognized as a difficult matter to present a balanced 
view-point on treatment policy. In this Mr Raven has succeeded 
admirably and it is a pleasure to see each point touched on with just 
the right degree of emphasis. It is perhaps a little surprising to see 
that prednisone and related steroids have not been mentioned as 
a method of hormonal control of carcinoma of the breast. 

Mr Raven is to be congratulated both on his choice of con- 
tributors and on his formidable feat of editorship. 


K. A. Newton 


Gray’s Anatomy: Descriptive and Applied 


Edited by T. B. Johnston, D. V. Davies & F. Davies. 32nd [Cen- 
tenary] ed. London: Longmans, Green & Co., 1958. 
xxiii + 1604 pages; 1277 figures; 32 plates. 26 x 16 cm. 
£6 6s. 


The appearance of the 32nd edition of Gray’s anatomy exactly 
a century after the first is a remarkable achievement in medical 
publishing. A text-book seldom survives for long after the death 
of its original author. Rapid advances in knowledge discourage 
attempts to graft new material on to old stock; rather do they call 
for a fresh approach and a new lay-out. Gray’s anatomy owes its 
survival to, more than anything else, the soundness of its original 
design and the care with which revisions have been carried out by 
its successive editors. 

Henry Gray was born in 1827 and entered St George’s Hospital, 
London, as a medical student at the age of 18. He showed specia! 
aptitude for anatomy and was later appointed demonstrator and 
lecturer on that subject at St George’s. The first edition of his 
Anatomy, descriptive and surgical was published in 1858 by John W. 
Parker, then in business in the Strand, London. It contained 
750 pages and 363 illustrations. A second edition appeared in 1860. 
In the following year Henry Gray died of smallpox at the early age 
of 34. In 1863 Parker retired and his business was acquired by 
Longmans, who have been responsible for publishing the third and 
all subsequent editions. Gray’s friend, Henry Vandyke Carter, was 
responsible for many of the original illustrations, and the high 
standard set by him has been maintained in succeeding editions and 
surpassed in more recent times by the use of colour and radio- 
graphs. Professor T. B. Johnston, editor-in-chief of this centenary 
edition, has been associated with the revision of Gray for nearly 
30 years, and has done much towards building the international 

‘tation which the book now enjoys. 

if Henry Gray were able to see his book today he would no doubt 
be surprised and delighted—surprised to see that it had survived 
and grown to more than double its original size, and delighted to 
see the beautifully coloured illustrations and the attention still given 
to the surgical applications of anatomy. He would see how well his 
successors have followed his original object, which was to furnish 
the student and practitioner with “*. . . an accurate view of the 
Anatomy of the Human Body, and more especially the application 
of this science to Practical Surgery”. Today Gray is one of the 
best known of all medical text-books. . 

ET. 
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Blood Groups: Introduction 





















No aspect of haematology has wider ramifications among the medical and other biological 
sciences than has the study of the blood groups. Discovered by immunological techniques, they 
soon became, through their connexion with blood transfusion, an essential part of the background 
of clinical medicine, and the clinical connexion was enhanced when the Rh groups were discovered 
and then shown to play the main part not only in the aetiology of haemolytic disease of the 
new-born but also in making possible a rational and effective treatment of this disease. Our first 
knowledge, too, of most of the other blood-group systems besides the original ABO groups of 
Landsteiner, and the Rh groups, came from the study of unusual cases of transfusion reaction 
or of haemolytic disease of the new-born. 

While empirical means of selecting blood for transfusion, and even of anticipating and 
treating haemolytic disease of the new-born, might have been devised by the study of unrelated 
individual blood specimens, the great advances in our knowledge of the blood groups have 
arisen, in fact, from the discovery that they are inherited as Mendelian characters. This has not 
only contributed very greatly to the management of haemolytic disease of the new-born as a 


family problem, but has made the study of blood groups an essential part both of human genetics 
and of anthropology. 





The blood groups, manifested clinically by transfusion 
reactions and haemolytic disease of the new-born, and 
transmitted genetically according to Mendelian laws, 
have been found to depend upon the presence of specific 
substances in minute amounts on the surface of the red 
blood cells. In the case of the ABO and Lewis systems, 
the chemical constitution of these substances is now 
becoming known in considerable detail, and correlated 
with their immunological and other properties. 

To geneticists and biochemists it is the antigens on the 
red cell which are of primary interest, and antibodies 
tend to be regarded simply as diagnostic reagents. In the 
clinical field, however, the production of an antibody and 
its reaction in vivo with the homologous antigen are of 
paramount importance, since it is these processes which 
are responsible for the development both of transfusion 
reactions and of haemolytic disease of the new-born. To 
the serologists, therefore, has fallen the task of elucidating 
the mechanisms of immunization, as well as that of 
devising diagnostic tests for antigens and antibodies. 
Because of the peculiar nature of some of the blood-group 
antibodies, their recognition has proved difficult and, in 
the process of meeting the difficulties, numerous import- 
ant advances have been made both in serological tech- 
niques and in the basic theories of immunology. 

The immunological processes which give rise to 
haemolytic transfusion reactions are of great importance 
in modern medicine, but most of the problems which 
they present are technical rather than fundamental, 
arising as they do from technical errors in the artificial 
process of transfusion. Haemolytic disease of the new- 
born, on the other hand, is something which arises as a 
natural process in a variety of animals, though it is 
probably commoner in man than in any other species. 
In the horse, however, it has been found to occur quite 
spontaneously, as in man. In the mule, it is a very 
frequent consequence of the mating between two different 
though closely related species; this suggests that part of 
the biological importance of the disease lies in its action, 
together with that of interspecific sterility, in fixing specific 
distinctions which have arisen through isolation and 
natural selection. The disease can, moreover, be induced 
experimentally in numerous animal species, and much 
knowledge, some of it applicable to the treatment of the 
human disease, has been gained from the study of the 
induced condition. 

While transfusion reactions and haemolytic disease are 
direct and, in a sense, predictable results of immunization 
followed by the combination of antigen and antibody, 
there are other clinical effects of the blood groups which 


are observed empirically but which cannot, at present, be 
explained serologically. These are the increased suscep- 
tibilities of persons of one or other blood group to par- 
ticular diseases—of group A persons of both sexes to 
carcinoma of the stomach, pernicious anaemia and 
diabetes mellitus, of group A women to genital carcinoma 
and of group O persons to duodenal and gastric ulcer. 

These phenomena may be described as pleomorphic 
effects of the blood-group genes concerned. Most of the 
diseases, moreover, are associated in some way with the 
gastrointestinal tract, and it may be that susceptibility is 
related to the presence and distribution of blood-group 
substances in the organs concerned, and to the secretion 
of these substances into their lumen. This hypothesis is 
supported by the fact that duodenal ulcer, at least, is 
commoner in non-secretors of the ABO substances than 
in secretors. Whatever may be the precise mechanism, 
there can be little doubt that these differing susceptibili- 
ties to disease must have a selective effect, as must 
haemolytic disease of the new-born. Such selection is 
probably responsible for the varying distributions of the 
blood groups of all systems which we find in the world 
today. It is interesting to note that the ABO groups, 
which appear to have more effect on susceptibility to 
disease than do those of the other systems, show a much 
more uneven distribution than these others. It has been 
suggested that this varying distribution is the result of 
rapid and recent natural selection, while the distribution 
of the other blood groups is the integrated effect of selec- 
tion, and perhaps genetic drift, operating over very long 
periods. Even for the ABO groups, however, selection is 
certainly slow in terms of human lifetimes, and is prob- 
ably slight in periods not greatly exceeding a thousand 
years: the frequencies of these groups can thus be of great 
use in investigating the relationships between populations, 
and in tracing their migrations and mixings. Because of 
the much more abundant data, they are, in fact, of more 
valuc than those of any of the other systems. 

‘rhe blood groups of species other than man are of 
interest not only in relation to their direct clinical effects 
and to natural selection within each species, but they may 
also be expected to throw some light on the origin of the 
human blood groups as well as on the origin of the human 
species. It is, in fact, found that, among the primates, 
the “‘higher”’ species have blood-group pictures which are 
much more like that of man than are those of the “lower” 
species. Antigens related to those of the ABO system 
are, however, found in a wide variety of animals. In 
cattle and sheep they are present in the plasma and (like 
the Lewis antigens in man) are taken up passively by the 
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red cells. Somewhat similar antigens are found through- 
out the organic world, suggesting that they may play an 
important part in the essential constitution of living 
beings. The common presence of such substances in the 
environment of man has also been held to account for 
the so-called “natural occurrence” of the antibodies 
anti-A and anti-B in the serum of persons of appropriate 
blood groups, although such persons have not been 
subjected to any recognizable process of immunization. 

Since plants are not known to possess any protective 
immunological mechanism, it is surprising to find that 
many seeds and certain other plant tissues contain 
proteins which behave as blood-group antibodies. It is 
difficult to imagine what function these can have in the 
economy of the plant, but their highly specific relation- 
ship to antigens which, as we have seen, are widely dis- 
tributed in nature, makes it unlikely that their occurrence 
is accidental. 

Investigation is thus showing more and more clearly 
that the blood-group antigens and related substances 
have varied and important biological functions both in 
man and in the organic world as a whole. Apart from 
the investigation of such natural functions, however, 
blood-group tests have become an essential part of the 
techniques of research in genetics and especially in human 
genetics. 

One of the most important aims of human genetic 
study is the complete mapping of the germ plasm. 
Whereas in certain animals this can be achieved by 
deliberate large-scale breeding, using congenital abnor- 
malities as indicators, in man we have to rely on observa- 
tion of unplanned breeding, and our chief marker genes 
are those of the blood groups. Investigations of families 
have led to the discovery of linkages between certain 
blood-group genes on the one hand and the genes for 
certain congenital abnormalities, and for ABO secretion, 
on the other. 

Most of the lines of investigation which we have 
described are covered by papers in the present number 
of this Bulletin and, since much of the work is recent and 
a great deal of it has been carried out by British workers, 


the authors are, in most cases, describing the results of 
their own work. 

Blood group investigation is continuing at an increas- 
ing pace and the future is likely to show as many import- 
ant discoveries as the past, though it may well be that 
not many major blood-group systems remain undis- 
covered. In the genetic field, we may hope for clarifica- 
tion—though not necessarily simplification—of the 
genetics of those systems which have hitherto proved 
most puzzling. It is inevitable, also, that more and more 
linkages will be found between the genes for the blood 
groups and other genes. While the blood groups are 
likely to continue for many years to be the most import- 
ant marker genes in such investigations, numerous other 
biochemical polymorphisms are being discovered and 
linkages of the genes for these with one another, with 
those for the blood groups and with those for other 
conditions, are to be expected. 

In the broader field of human biology, we are likely 
to learn more and more of the function of the blood 
groups in natural selection and this will, in turn, make a 
valuable contribution to the growing study of human 
population genetics and anthropology. It is from 
inquiries in this field that we are likely to gain an under- 
standing of the primary function of the blood-group 
antigens—of “‘why there are blood groups’’. 

In the clinical field, increasing refinements of technique 
have already done much to reduce the dangers of trans- 
fusion and to enable it to meet the ever greater and more 
stringent demands of surgeons and physicians. It is 
impossible to tell whether a means will ever be found, by 
treatment either of the blood or the recipient, of abolish- 
ing the danger of immunological reactions to transfused 
blood. In the treatment of haemolytic disease of the 
new-born, there does not appear to be scope for more 
than slight improvements on the best current methods, 
which have, in fact, very largely abolished deaths and 
greatly reduced the incidence of kernicterus. There is 
still, however, a great need for a means of prophylaxis. 
It cannot be predicted from which quarter this will come, 
but surely, in the end, it will come. 


A. E. Mourant 


Dr A. E. Mourant has acted as Chairman of the Committee which 

planned this symposium, and Dr K. L. G. Goldsmith as its 

Scientific Editor. We are most indebted to them both for all the 
help they have given in its preparation. 
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The main factors determining the relative clinical importance 
of the different human blood-group antibodies are: the 
frequency of their occurrence (taken in conjunction with the 
frequency of the corresponding antigen); their potency and 
thermal range of activity; and finally, in relation to haemolytic 
disease of the new-born, their ability to cross the placenta. 

Antibodies are often divided into “naturally occurring”, 
that is, occurring in the serum of subjects who have not 
received any recognized antigenic stimulus, and “immune”, 
that is, arising after a known antigenic stimulus. Most 
naturally occurring antibodies are more active at temperatures 
near 0° C. than at 37° C., and many are active only at temper- 
atures below about 25° C., and are then incapable of causing 
red-cell destruction. By contrast, immune antibodies are as 
active at 37° C. as at lower temperatures. Many naturally 
occurring antibodies are found in the “19S” component of 
y-globulin, whereas immune blood-group antibodies are often 
confined to the “7S” component (Kunkel, Fudenberg & 
Franklin, 1958; see also section 4a). 

Although the division of blood-group antibodies into 
naturally occurring and immune cannot always be made with 
certainty, and although there is a large overlap between the 
two classes in serological characteristics, the division is 
convenient, particularly in discussing the incidence of the 
various antibodies. 
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1. Naturally Occurring Blood-Group Antibodies 


a. Incidence in Human Sera 


The various naturally occurring antibodies found in human 
sera are set out in Table I. Of the antibodies which are active 
in vitro at 37° C., anti-A and anti-B are overwhelmingly the 
most important. This is partly because they are relatively 
potent, but also because the corresponding antigens are very 
frequent. For example, in the United Kingdom, 45% of 
random blood samples contain the antigen A, and 55% of 
random samples contain anti-A. Thus, if transfusions were 
45 55 100 )° 
Too x T00 Xx ©, Or 
approximately 25°, would be incompatible from anti-A 
alone. Anti-B would cause incompatibility in about 10% of 
random transfusions. By contrast, anti-Le*, which ranks next 
in importance, is expected to cause incompatibility in less than 
0.1% of transfusions. 

Antibodies such as anti-Wr*, anti-V” and anti-M® are 
relatively common (each of them occurring in between 1% 
and 3% of human sera), but are very unimportant in trans- 
fusion practice because the corresponding antigens are so rare. 
For example, the Wr* antigen occurs in approximately 0.2% 
of Europeans (Race & Sanger, 1958, p. 236). Incompatibility 
0.2 1 


x 9p 100) 2% 


given without any blood-group tests, ( 


from anti-Wr® is thus expected in only ( 100 


or 0.002 of all transfusions. 


b. Discussion 


Some authors believe that the so-called naturally occurring 
antibodies are in fact hetero-agglutinins produced as an 
immune response to substances which are antigenically 
similar to the human blood-group substances,’ and which are 
ingested or inhaled (Wiener, 1951). 

The idea that hetero-agglutinins are formed as a response 
to ingested antigens has recently received experimental 
support, for it has been shown that their production can be 
prevented by rearing animals in a germ-free environment. 
Thus, hetero-agglutinins against human group B red cells did 
not develop in germ-free chicks, but only in chicks given 
Escherichia coli by mouth (Springer, Horton & Forbes, 1958). 

On the other hand the discovery in plant seeds of proteins 
which behave like anti-A and anti-B, and even like non- 
specific cold agglutinins (Bird, 1953), suggests that these 
substances can be made in the absence of an antigenic 
stimulus. 

Even if the commoner “naturally occurring’ antibodies 
should prove to be formed in response to ingested antigens, it 
does not seem likely that the occurrence of highly specific anti- 
bodies like anti-Wr* or anti-C* is due to the ingestion of the 
corresponding antigens which are rare amongst human 
subjects and possibly not found in other species. 


2. Immune Blood-Group Antibodies 
a. Arising de Novo 


Anti-D, the commonest antibody of the Rh system, is a 
good example of this type of antibody, being found, with very 
rare exceptions, only in subjects who have been injected or 
transfused with D-positive blood, or in women who have 
undergone pregnancies with D-positive foetuses. 





2 See Joysey, p. 158 of this number of the Bulletin.—Eb. 
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RELATIVE IMPORTANCE OF BLOOD-GROUP ANTIBODIES PP. L. Mollison 


TABLE I. 


NATURALLY OCCURRING BLOOD-GROUP ANTIBODIES 


(The small letters, thus, a, refer to the references given at the foot of the table.) 


A. Systems in which naturally occurring antibodies are most often found 











System | Specificity tooling the onigan in population (UR) Notes 
ABO Anti-A Virtually 100% 52% ‘s Saline agglutinins acting at 37° C. but acting more strongly at 
Anti-B Virtually 100% 88% lower temperatures 
. 1-2% (As) o/ Saline agglutinins usually inactive at temperatures above about 
Anti-A, of b 0.3% ° 
26% (A2B) 20° C. 
i 0 . . ° 
| (H_ antigen present (i) Almost 100°, — ge antibody active only at temperatures 
Anti-H (O) in almost all blood + anes . . 
(ii) Rare Saline agglutinin usually inactive at temperatures above about 
samples) 20°C 
100% in rare sub- (iii) Very rare Saline agglutinin active at 37° C. as well as at lower temperatures. 
jects without H in As found in ‘‘Bombay"’ bloods e 
red cells 
MNSs Anti-M Very rare , os ; : 
Anti-N Even rarer Less than 0.1% — a usually inactive at temperatures above about 
Anti-S Very rare : 
Anti-Mi* Sometimes accompanies anti-V” ¢ 
Anti-Vw About 2% About 2% h 
Anti-M® About 3% About 3% j 
P Anti-P, ? Almost 100% 21% Figures refer to saline agglutinin tests at 0° C. k Antibody inuch 
less common if tests carried out at about 20° C.—over-all 
: incidence about 0.2% | 
Anti, 100% Extremely rare Formerly known as anti-Tj® m 
Lewis Anti-Le* Approximately 5% About 0.3% ! Saline agglutinin acting better at 20° C. than at 37° C. Also 
in Le(a—b—) sub- complement-binding activity at 37° C. manifested by anti- 
jects globulin sensitization test using anti-non-y-globulin serum and 
also manifested by haemolysis. Anti-Le# is often accompanied 
by a weaker anti-Le® n 
Anti-Le? Much less common Less than 0.194 p As anti-Le* but weaker 
Wright] Anti-Wr? About 1% About 19% q 
B. Naturally occurring antibodies in other blood-group systems 
Rh Occasional examples of anti-E, and isolated examples of anti-C™”, etc., as saline agglutinins acting better at 20° C. than at 
7h. 2 
Lutheran Occasional examples of anti-Lu*; first example of anti-Lu® found in 1956 s 
Kell No examples known of the common antibodies of these systems, but at least one example of anti-Kp* thought to be naturally 
and occurring t 
Kidd 
Duffy Only one possible example described so far uy 
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Calculated from phenotype frequencies of Ikin, Prior, Race & 
Taylor, 1939 


Taylor, Race, Prior & Ikin, 1942 
Dacie, 1950 
Crawford, Cutbush & Mollison, 1953 


pa Deshpande, Bhatia, Sanger, Race, Morgan & Watkins, 
52 


Some references in Mollison, 1956, chapter 9 


Mohn, Lambert, Rosamilia, Wallace, Milne, Moores, Sanger & 
Race, 1958, cited by Race & Sanger, 1958, p. 88 
Darnborough, 1957 
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j Zeitlin, Sanger & Race, 1958, cited by Race & Sanger, 1958, 
p. 356 

k Henningsen, 1949 

| Kissmeyer-Nielsen, Bastrup-Madsen & Stenderup, 1955 

m Race & Sanger, 1958, pp. 107-111 

n Race & Sanger, 1958, p. 210 

p Pettenkofer & Hoffbauer, 1954 

q Dunsford, 1954 

r For references, see Mollison, 1956, p. 209 

s Cutbush & Chanarin, 1956 

t Allen & Lewis, 1957 

u Rosenfield, Vogel & Race, 1950 
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Relative Antigenicity of Different Blood-Group Factors 

From experiments in volunteers it is known that when a 
small amount of D-positive blood is injected intravenously, 
and a second injection is given three to four months later, 
anti-D will be found after a further two weeks in about one- 
third of subjects (Wiener, 1949). If further injections are 
given at intervals of three or four months, most subjects will 
respond; for example, after five injections two out of three 
formed anti-Rh (Wiener, 1949). In another series in which 
injections were given at intervals of six weeks, nine out of 
ten subjects responded after six injections (Waller, 1949). 

Anti-D is the commonest immune blood-group antibody 
found in people of European origin, leaving aside the question 
of immune anti-A and anti-B (see section 2b); according to 
Dr F. Stratton (personal communication, 1958), anti-D is 
found in 0.5% of normal D-negative blood donors. After 
anti-D the commonest immune antibodies are some other 
antibodies of the Rh system, particularly anti-E and anti-c, 
and a few antibodies of other systems, particularly anti-K, 
anti-Fy*, anti-S and anti-Jk". 

K is a relatively “‘ good” antigen, but is probably less anti- 
genic than D. In one series of experiments, 16 subjects, at 
least ten of whom were K-negative, received three injections 
of pooled red cells from eight donors, at least some of whom 
were K-positive. There was an interval of four months 
between the first and second injections, and of 13 months 
between the second and third injections. None of the 
recipients formed anti-K (Wiener, Samwick, Morrison & 
Cohen, 1955). Kornstad & Heist6 (1957) tested the serum of 
106 K-negative recipients six to 14 months after they had 
received at least one transfusion of K-positive blood, and 
found anti-K in only four cases; by contrast, after a single 
transfusion of Rh-positive blood, anti-D can be found in 
about 50% of Rh-negative recipients (Dr M. M. Pickles, 
personal communication). 

Fy* must certainly be far less antigenic than K. Thus, when 
Fy* and K are not taken into account in the selection of blood 
donors, Fy(a+) blood will be given to Fy(a—) recipients in 
23% of cases, and K-positive to K-negative in 8%. More- 
over, when recipients receiving two transfusions are con- 
sidered, about 15% of them will be Fy(a—) subjects receiving 
their second Fy(a+) transfusion, but only 1% will be K- 
negative subjects receiving their second K-positive trans- 
fusion. Nevertheless, anti-K is found much more commonly 
than anti-Fy* in the serum of patients who have received 
many transfusions. The poor antigenicity of Fy* was con- 
firmed in some experiments described by Race & Sanger 
(1954); 19 Fy(a—) subjects received Fy(a+) blood at intervals 
of three months and only one formed anti-Fy*. 


b. Stimulation of Pre-Existing Antibodies 


Some naturally occurring antibodies show little or no 
response to stimulation by the corresponding antigen. This 
appears to be the case particularly with “cold” agglutinins, 
which in vitro are inactive at temperatures above 25° C. or 
thereabouts. This is a fact of some importance because it 
means that, for example, the repeated transfusion of P- 
positive blood to a patient whose serum contains a weak 
anti-P agglutinin, active only at temperatures below 20° C., 
will never (or hardly ever) cause the antibody to become 
active at body-temperature and interfere with the survival 
of P-positive red cells. 

On the other hand, antibodies which are active in vitro at 
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37° C. sometimes increase significantly in titre following the 
injection of a small volume of incompatible red cells. The 
biggest rises in titre are observed in subjects in whom the titre 
of antibody has fallen to a low level owing to the lapse of 
time since the last sensitization. Thus, in one group of 
subjects who had been sensitized to Rh six or seven years 
previously, a single injection of 0.25 ml. of a 50% suspension 
of Rh-positive cells provoked a brisk antibody response in 
five out of five subjects (Abelson, McAllister, Greene & 
Coriell, 1955). 


The Special Case of Anti-A and Anti-B 


Following the transfusion of blood of incompatible ABO 
group there may be changes in the quality of anti-A (or anti-B) 
as well as an increase in agglutinin titre. Thus, the serum may 
develop the property of haemolysing A (or B) red cells in 
vitro, and various other properties, conveniently known as 
“immune characteristics” (for a review of these charac- 
teristics see Mollison, 1956, pp. 186-191). It has recently 
been shown that the anti-A haemolysin differs in specificity 
from the naturally occurring anti-A saline agglutinin, for the 
haemolysin alone will react with pig group A cells (Winstanley, 
Konugres & Coombs, 1957). Presumably, therefore, “‘ immune 
anti-A” is to be looked upon as a new antibody developed in 
response to an antigen in the transfused red cells rather than 
as an enhancement of a pre-existing antibody. It is a com- 
paratively old observation that the injection of incompatible 
red cells sometimes provokes the formation of isohaemolysin 
but fails to produce an increase in iso-agglutinin titre (e.g., 
Thomsen, 1930; Rapoport & Stokes, 1937). 

The agglutinin titre of anti-A and anti-B does sometimes 
increase very considerably following the injection of A or B 
red cells, but the agglutinin produced tends to be as active at 
37° C. as at 4° C., unlike the naturally occurring agglutinin 
(Wiener, 1941; Hubinont, 1949). Thus, it remains uncertain 
whether naturally occurring anti-A and anti-B do undergo 
immune responses following stimulation. 

A fact of some clinical importance is that hog pepsin 
contains a substance chemically very similar to human A 
(Kabat, 1952), and that injections of this substance readily 
provoke the formation of immune anti-A in man. Hog pepsin 
is present in the media commonly used in the preparation of 
tetanus toxoid and diphtheria toxoid, and hog pepsin is also 
used to digest horse serum in preparing anti-tetanus serum. 
An injection of any of these products stimulates anti-A in 
human subjects, and if the subject, being for example group O, 
then donates blood to an A patient, a serious haemolytic 
transfusion reaction may follow (Ottensooser & Willenegger, 
1938; Dausset & Vidal, 1951; Mollison, 1951). 


3. Relation between Characteristics of Antibodies in 
Vitro and their Effects on Red Cells in Vivo 


Most blood-group antibodies are capable of bringing about 
the destruction of red cells in vivo, but some cause far more 
rapid and extensive destruction than others. On the whole 
there is a good correlation between certain characteristics of 
antibodies as determined by tests in vitro and the effects of 
the same antibodies on red cells in vivo. Knowledge of these 
relationships has advanced rapidly in the last few years, and 
has been gained chiefly from experiments in which very small 
volumes of incompatible red cells, labelled with a radioactive 
isotope, have been injected into volunteers. The use of very 
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small volumes of incompatible red cells has two advantages. 
Firstly, with rare exceptions, the injection produces no un- 
toward symptoms; secondly, the small volume of red cells 
has no influence on the titre of antibody; that is, the antibody 
remains in gross excess throughout the period of observation. 

In drawing conclusions from the results of injecting very 
small volumes of incompatible red cells it must be remem- 
bered that the effect of transfusing large volumes may differ 
in at least two ways. Firstly, antibody (and/or complement) 
in the recipient’s serum may be exhausted by a large volume 
of incompatible cells. Secondly, the capacity of the reticulo- 
endothelial system to deal with incompatible cells is limited, 
and may be temporarily saturated by the injection of a large 
volume of incompatible red cells. With these reservations, the 
results of injecting small volumes of red cells are very helpful 
in predicting the results of injecting larger volumes. These 
effects may be summarized as follows. 


a. Antibodies which are readily Haemolytic in Vitro 


The commonest antibodies of this kind are some examples 
of anti-A and anti-B, and these bring about the intravascular 
lysis of a large proportion of the injected red cells. Within 
one or two minutes the plasma may contain haemoglobin 
representing from 40% to 90% of the amount that was 
injected in intact red cells (Cutbush & Mollison, 1958). 


b. Antibodies which Agglutinate Red Cells in Vitro at 
37° C. (or thereabouts) but do not Bind Complement 


Antibodies which in vitro strongly agglutinate red cells 
suspended in saline at 37° C. bring about the removal of the 
cells from the blood stream, predominantly in the liver. The 
cells may be cleared from the blood with a half-time as short 
as two minutes, although in the example shown in fig. 1 the 
half-time is more than this. 

An antibody whose thermal range in vitro does not quite 
extend to 37° C. may nevertheless bring about rapid destruc- 
tion of red cells in vivo. Thus, in one patient whose serum 
contained anti-M, investigated by Cutbush & Mollison (1958), 
no reaction between MM cells and the patient’s serum could 
be observed on incubation at 37° C. in vitro, although at 
34° C. there was definite agglutination, and at 31° C. 
moderately strong agglutination. In vivo, 50% of MM cells 
were destroyed with a half-time of two minutes. 

Since this result appeared to have important implications, 
the question whether in vivo the cells could have been 
exposed to a temperature below 37° C. was carefully con- 
sidered. It was concluded that, with this rate of destruction, 
there would scarcely have been time for 50% of the injected 
cells to circulate to exposed parts of the body in which 
the blood would fall to a temperature materially below 37° C. 
The other possibility which it seemed desirable to exclude 
was that the injection of the MM cells as an ice-cold sus- 
pension might have influenced the result, although it was 
considered that the cells would have been so rapidly warmed 
to body-temperature that the temperature at the moment of 
injection would have made no difference. A further test was 
made in which one lot of MM cells was warmed to 38° C. 
before injection, and another lot of the same cells, labelled 
with a different isotope, was injected immediately afterwards 
as an ice-cold suspension. As fig. 2 shows, there was no 
difference whatever in the rates of destruction of the two lots 
of red cells. 

It must be concluded that antibodies which fail to react 
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FIG. 1. RATE OF REMOVAL OF INCOMPATIBLE RED 
CELLS FROM THE BLOOD STREAM BY TWO 
AGGLUTINATING ANTIBODIES 
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Abscissae: time after injection (min.) 
Ordinates: percentage survival of red cells 
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@——® an anti-c with a titre of 128 at 37° C. 

x——x an anti-Mi? with a titre of 2 at 37° C. 
Neither of these antibodies was capable of binding complement 
(from Cutbush & Mollison, 1958). 


“Surface counting” after removal of cells from the blood stream 
showed that the c-positive cells were removed predominantly in 
the liver and the Mi?-positive cells predominantly in the spleen 
(Mollison & Hughes Jones, 1958). 


with red cells in vitro at 37° C. but do react at a temperature 
a few degrees below this must be regarded as potentially 
dangerous in transfusion practice. 


c. Antibodies which Act as Cold Agglutinins and which 
sometimes Bind Complement 


Antibodies of the P and Lewis systems characteristically 
agglutinate red cells better at low temperatures (such as 12° C.) 
than at 37° C.; indeed, most examples of anti-P are inactive 
in vitro above a temperature of about 25° C., and only a few 
examples of anti-Le* produce good agglutination at 37° C. 
The more potent examples of these antibodies do, however, 
bind complement at 37° C.; this can be shown in two ways: 
firstly, sera containing anti-Le* or anti-P may sensitize red 
cells to an antiglobulin serum only when they are fresh, or 
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FIG. 2. RATE OF REMOVAL OF MM CELLS FROM THE 
BLOOD STREAM OF A PATIENT WHOSE SERUM 
CONTAINED ANTI-M 
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Abscissae: time after injection (min.) 
Ordinates: percentage survival of MM cells 


@——@ sample of MM cells injected as a warm suspension (38° C.) 

x——x sample of MM cells injected a few seconds later as an ice- 
cold suspension 

Both samples of red cells were removed from the circulation at the 

same time. 


The serum contained an anti-M capable of agglutinating the cells 
strongly at 25° C. and very weakly at temperatures up to but not 
exceeding 34° C. 


when fresh serum is added as a source of complement (Molli- 
son & Cutbush, 1955). In these cases the antiglobulin serum 
reacts with complement rather than with antibody (Dacie, 
Crookston & Christenson, 1957). Secondly, provided that 
complement is present, the serum may lyse enzyme-treated 
red cells; some examples of Lewis antibodies lyse untreated 
red cells (Andresen & Henningsen, 1951; Rosenfield & Vogel, 
1951). Sera which will not normally lyse untreated red cells 
may do so if serum from certain animals (e.g., rabbit or pig) 
is used as a source of complement (Mollison & Thomas, 
1959). 

So far as these antibodies are concerned, there is a close 
relationship between the thermal range of the antibody in 
vitro and its ability to destroy red cells in vivo. Thus, anti- 
bodies which are not active in vitro above a temperature of 
about 25° C. to 30° C. do not cause any destruction whatever 
of injected cells, whereas those which are active at 37° C. or 
thereabouts bring about destruction of at least a proportion 
of incompatible cells in vivo. Those which, in vitro, are 
definitely active at 31° C. but dubiously active at 37° C. may 
bring about the rapid destruction of only about 20% of 
injected incompatible cells (Cutbush & Mollison, 1958). 

In practice, Lewis antibodies are sometimes overlooked, 
because they may agglutinate only at relatively low temper- 
atures in vitro, and be detectable at 37° C. only when the 
corresponding red cells are first treated with an enzyme, or 
when the antiglobulin test is used. Figure 3 shows an example 
of the effects in vivo of an anti-Le® of this kind. In vitro the 
serum weakly agglutinated Le(b+-) cells at 20° C. to 25° C. 
but not at higher temperatures. At 37° C. it would weakly 
haemolyse ficin-treated Le(b+) cells, and when incubated 
with Le(b+) cells in the presence of complement would 
sensitize the cells to an anti-“‘non-y”-globulin serum (see 
Cutbush, Crawford & Mollison, 1955). 
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FIG. 3. RATE OF REMOVAL OF GROUP O, Le(a—b-+) 
CELLS FROM THE CIRCULATION OF A PATIENT 
WHOSE SERUM CONTAINED ANTI-Le> 
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Abscissae: time after injection (min.) 
Ordinates: percentage survival of Le(a—b-+) cells 


The curve has two components: the rapid one, with a half-time 
of two minutes, has been plotted separately (x------=- x); the slow 
component comprises just over 40% of the injected cells (as shown 
by extrapolating the flat part of the curve to the time axis). 


In vitro, the patient’s serum weakly agglutinated Le(b+-) cells at 
25° C. but not at higher temperatures. At 37° C. the serum was 
capable of haemolysing enzyme-treated Le(b+) cells and of sensi- 
tizing Le(b+-) cells to an anti-‘‘non-y’’-globulin serum, provided that 
the cells were incubated with fresh serum (as a source of com- 
plement) after being incubated with the serum containing anti-Le?. 


d. Incomplete Antibodies which Bind Complement 


Some examples of anti-K and of anti-Fy*, and perhaps all 
examples of anti-Jk*, bind complement, and these antibodies 
do not as a rule agglutinate red cells suspended in saline. 
Antibodies of this kind characteristically bring about removal 
of red cells in the liver. This can be demonstrated either by 
carrying out a test in a subject who has formed one of these 
antibodies, or, alternatively, can be demonstrated by taking a 
small sample of red cells, sensitizing them in vitro with anti- 
body, and then reinjecting them into the circulation (Cutbush 
& Mollison, 1958). One advantage of this methdd of investi- 
gation is that the degree of sensitization of the red cells can 
be controlled, and thus the effect of different degrees of 
sensitization can be investigated. 


e. Incomplete Antibodies which do not Bind Complement 

These antibodies have the interesting characteristic of 
bringing about destruction of red cells predominantly in the 
spleen. Since the blood flow through the spleen is only about 
one-tenth of that through the liver, it is evident that red cells 
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which are “‘coated” with this type of antibody must con- 
tinually pass through the liver unscathed; yet the same cells 
may be removed by a single passage through the spleen. 

The more potent examples of this type of antibody, e.g., 
antibodies with a titre of one in 64 or more, bring about 
removal of red cells with a half-time of about 20 minutes, and 
this probably represents virtually complete clearance of the 
blood at each passage through the spleen. Less potent 
examples (e.g., titre one in eight) bring about removal of cells 
with a half-time of 60-100 minutes; still less potent anti- 
bodies (titre one in two or one in four) bring about still slower 
removal, with a half-time of the order of a few days (Mollison 
& Cutbush, 1955; Cutbush & Mollison, 1958). 

When small amounts (1 ml.) of *4Cr-labelled incompatible 
red cells are removed by the spleen with a half-time of about 
20 minutes, from 2% to 5% of the injected radioactivity 
appears in the plasma. It has been shown that during the 20 
or 30 minutes after injection the amount of radioactivity in 
the plasma is a good indication of the amount of haemoglobin 
liberated into the plasma, although as time goes on the haemo- 
globin is cleared from the plasma more rapidly than the ™'Cr, 
which tends to exchange with other proteins in the plasma 
(Jandl, Richardson Jones & Castle, 1957). 

When larger amounts of Rh-positive red cells are given to 
subjects whose serum contains incomplete anti-D, the amount 
of haemoglobin liberated into the plasma rises dispropor- 
tionately. Thus, in subjects injected with about 25 ml. of red 
cells, Jandl et al. (1957) found that the amount of haemoglobin 
in the plasma represented over 10% of the amount of haemo- 
globin injected as intact red cells. This finding suggests that 
with even higher doses, such as would be given in an ordinary 
transfusion, an even higher percentage of the haemoglobin 
from destroyed red cells would pass into the plasma, and may 
explain the occurrence of haemoglobinuria after incom- 
patible transfusions due to the presence of an Rh antibody 
(e.g., Vogel, Rosenthal & Levine, 1943). 


f. Summary 


Severe intravascular haemolysis is common after the trans- 
fusion of blood of the wrong ABO group, but is much less 
common when the incompatibility is due to an antibody of 
one of the other blood-group systems, most of the cells being 
then removed intact from the circulation by the liver or spleen. 

Antibodies which in vitro react only at temperatures up to 
25° C. or 30° C. do not cause the destruction of red cells in 
vivo. When the antibody reacts at about 30° C. and it is 
difficult to find donors whose red cells do not react at all with 
the serum at that temperature, it may be very helpful to carry 
out a test with isotope-labelled cells to discover whether the 
antibody is capable of causing red-cell destruction in vivo. 
The results of such a test will show with certainty whether the 
donor’s blood can safely be transfused. 


4. Haemolytic Disease of the New-Born 


In man, haemolytic disease of the new-born is due to the 
action on the foetal red cells of incompatible blood-group 
antibodies which pass across the placenta from the mother’s 
circulation. The antibody concerned in the great majority of 
severe cases of the disease is anti-Rh (anti-D), although anti-A, 
and occasionally anti-B, are responsible for many mild cases. 
The incidence of cases due to Rh incompatibility is considered 
to be at least six per 1,000 births (Walker, 1958); of these 
about 60% require treatment. The incidence of cases of 
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haemolytic disease due to ABO incompatibility is slightly 
higher (perhaps one in 150 of all births), but the incidence of 
cases severe enough to require treatment is less than one in 
2,000 of all births (see Mollison, 1956, pp. 504-505). 

The presence in the mother’s circulation of anti-D is some- 
times due to a previous transfusion or injection of Rh- 
positive blood, but more often to a previous pregnancy with a 
D-positive foetus. It is thought that during normal preg- 
nancies, and particularly during labour, some foetal red cells 
“leak” into the mother’s circulation, and that, provided that 
their ABO group is compatible with the mother’s serum, they 
are likely to stimulate the formation of anti-D. 

It has been known for some time that when the ABO group 
of the husband’s red cells is incompatible with his wife’s 
serum her chance of becoming immunized to Rh is diminished 
(Levine, 1943). There is now good evidence that this is 
because Rh-positive red cells of an incompatible ABO group 
are less able to stimulate the formation of anti-Rh than red 
cells of compatible ABO group. Thus, Stern, Davidsohn & 
Masaitis (1956) found that, when Rh-positive red cells were 
injected intravenously into volunteers, anti-Rh was formed by 
ten out of 17 subjects receiving ABO-compatible cells, and 
only by two out of 22 subjects receiving ABO-incompatible 
cells. It has also been shown that the infant which sensitizes 
an Rh-negative woman to the Rh antigen, that is to say, the 
infant which precedes the first infant affected with haemolytic 
disease, is usually ABO-compatible (Nevanlinna, 1952). 


a. Permeability of the Placenta to different Blood- 
Group Antibodies 


Antibodies which agglutinate in saline—so-called ‘saline 
agglutinins” —do not pass the placenta, or do so only to a 
very limited extent. It has now been demonstrated that these 
antibodies have a higher molecular weight than incomplete 
antibodies; thus, anti-A and anti-B iso-agglutinins, anti-Rh 
saline agglutinins and non-specific cold agglutinins are high 
molecular weight y-globulins, falling into the ‘19S’? com- 
ponent in the ultracentrifuge, whereas incomplete anti-Rh, 
and probably the immune forms of anti-A and anti-B are 
found in the “‘7S”’ component (Kunkel et al. 1958). The 
serum of the new-born infant contains very little 19S y- 
globulin (Franklin & Kunkel, 1958). 

It seems safe to predict that anti-Le* and anti-Le” and 
cold agglutinins such as anti-M, anti-N and anti-P will all as 
a rule be found in the 19S component, since they normally 
fail to cross the placenta. 


b. Development of Red-Cell Antigens in the Foetus 


When the mother’s serum contains an antibody which is 
capable of crossing the placenta, and this antibody is incom- 
patible with her infant’s red cells, it might be thought that the 
infant would inevitably have haemolytic disease of the new- 
born. But there is one further fact to consider, namely, the 
state of development of the foetal blood-group antigens. The 
Rh antigen seems to be fully developed, and thus the presence 
of anti-Rh in the mother’s serum almost always produces 
haemolytic disease of the new-born in her Rh-positive infant, 
the only exceptions being those cases in which the antibody is 
very weak. On the other hand, the A and B antigens in the 
infant’s red cells react much less strongly than those of adult 
red cells, and this undoubtedly mitigates the effect of incom- 
plete anti-A and anti-B received from the mother (Kemp, 
1930; Tovey, 1945; Witebsky & Engasser, 1949). The 
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weakness of the A receptor at birth can readily be demon- 
strated by testing the serum of the mother of an infant with 
haemolytic disease of the new-born due to anti-A. In vitro, 
the serum will readily lyse red cells of an adult of sub-group 
A,, will react more weakly with adult A, cells and, as a rule, 
will give only a trace of lysis with the cells of her own (group 
A) infant (Crawford, Cutbush & Mollison, 1953). 


5. Blood-Group Specificity of Red-Cell Auto-Antibodies 


There is no space here to do more than refer briefly to this 
interesting topic and give a few references. Cases of acquired 
haemolytic anaemia with auto-antibodies can conveniently be 
divided into those with warm antibodies and those with cold 
antibodies (Dacie, 1954). In cases with warm antibodies the 
reaction between the patient’s red cells and antiglobulin 
serum can be inhibited by y-globulin (Dacie, 1951), just as 
can the reaction between antiglobulin and red cells sensitized 
with anti-Rh (Coombs & Mourant, 1947). Sometimes the 
antibody on the patient’s red cells exhibits clear-cut blood- 
group specificity; for some reason which is not understood 
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“Blood groups” in a broader sense could nowadays include 
not only the differences due to the antigens of red cells, white 
cells and platelets but also the distinctions made by the various 
haemoglobins, haptoglobins and Gm serum groups. But this 
account concerns only blood groups in the earlier and narrower 
sense and deals with the antigens of red cells, some of which 
are also to be found in the saliva; furthermore, the account is 
practically confined to human groups. 


1. Blood-Group Systems and their Antigens 


In Table I a list is given of 59 antigens that have been 
identified on the human red cell. All these antigens, save those 
of the last two rows, fall into 11 separate genetic systems. 
Some of the antigens of the last two rows will, when more 
thoroughly investigated, prove to be heralds of new systems 
while some of them will doubtless be found to belong to 
systems already established. 


2. The Dominance of Blood-Group Antigens 


Blood-group antigens provide ideal examples of the simple 
basic mechanism of inheritance discovered by Mendel. 
Practically all the antigens of which the inheritance has been 
well worked out have proved to be simple, uncomplicated, 
dominant characters. The expression of some of the antigens 
can be modified, as will be mentioned below, by genetic or 
environmental influences. There is no known example of a 
blood-group antigen that is a straightforward recessive 
character. 

The first definition of dominant and recessive characters is 
found in Mendel’s paper on experiments in plant hybridiza- 
tion, read in 1865 (Mendel, 1866). The following extract is 
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TABLE I. BLOOD-GROUP ANTIGENS IN MAN 


Antigens detected by 





System positive reaction 
positive reaction with specific antibody Be are wee 

A,A,BO A,, B, H Aa, Ag, Ax 
MNSs M,N, S,s, Mi?, Vw, Hu, He, M8, Vr M,. Nz, M° 
P P,, Pk Pe 
Rh D6 6) Bak. t ¥ ,C.c.& 
Lutheran Lu, Lu? 
Kell K, k, Kp? 
Lewis Le*, Le® a 
Duffy = Fy?, Fy> 
Kidd Jk?, Jk 
Diego Di? 
Sutter Js? 


‘Private’ | Levay, Becker, Ven., Wr’, Be*, Rm, 
By 


**Public’’ Vel, Yt?, | 


from a translation to be found in Bateson’s book, Mendel’s 
principles of heredity, published in 1909: “‘ Henceforth in this 
paper those characters which are transmitted entire, or almost 
unchanged in the hybridization, and therefore in themselves 
constitute the characters of the hybrid, are termed the 
dominant, and those which become latent in the process 
recessive.’ Hybridization here refers to a mating of opposite 
homozygotes: in terms of ABO groups it could, for example, 
be of the type AA x OO. The definition becomes more familiar 
if we substitute the word heterozygote for hybrid. The words 
“or almost unchanged” allow for the slight quantitative 
difference that can often be detected between an antigen 
derived from a homozygote and that from a heterozygote. 

Thus the original definition of a dominant character 
adequately fits the great majority of blood-group antigens; 
but for a very few it requires some modification. The antigen 
Az», for example, is detectable in the heterozygotes A,O and 
A.B: its expression is overshadowed by A, in the heterozygote 
A,Az. Similarly the antigen D" can express itself in the 
heterozygote D“d but not in the heterozygote D*D. 

These examples are understandable if we think of A, as 
producing not an absolutely different antigen pattern but one 
that is merely a part of the A, pattern and which therefore 
becomes overlapped in the presence of A,. Similarly the 
antigen D* can be thought of as being a part of the D pattern. 
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Such an explanation will not, however, serve for the antigen 
P* which has only recently been recognized and which is 
presenting an unusual blood-group problem (Matson, 
Swanson, Noades, Sanger & Race, 1959). The gene P* 
produces an antigen which is quite different from the other 
antigens of the P system, and for which a specific antibody 
exists, yet the gene appears not to be able to express itself in 
the presence of P, or P.; here there can be no question of an 
overlapping antigenic pattern. 

In order to bring in these rather difficult categories we could 
define a dominant blood-group character as one that is ex- 
pressed when the gene responsible is in single dose and in a 
favourable genotype. 


3. MNSs as an Example of the Emergence of a Blood-Group 
System 


The simplest blood-group systems naturally tend to be 
those that have been most recently discovered; as time goes 
on they are realized to be more complicated than at first 
appeared. Newer discoveries do not contradict what was 
known before but they do show the pattern to be more 
elaborate. 

Most of the blood-group systems have been discovered as a 
result of investigating the serum of someone who has had a 
reaction to transfusion or who has had a child with haemolytic 
disease of the new-born. The discoverers have been given the 
antibody and it only remained to work out the frequency and 
the genetics of the corresponding antigen and show its in- 
dependence of the systems known at the time. 

The discovery of the MN system, on the contrary, was the 
result of the vision and planning of Landsteiner and Levine 
who were given neither antibody nor antigen. At a time when 
only the ABO groups were known, Landsteiner and Levine, 
seeking other differences, injected rabbits with different 
samples of human red cells and absorbed the resulting rabbit 
immune serum with other red-cell samples until they found 
what they were looking for—antibodies that would distin- 
guish between blood in a way that was cutting across the 
known ABO distinctions. The antibodies were anti-M and 
anti-N and anti-P (Landsteiner & Levine, 1927a, 1927b, 1928a, 
1928b). 

For a very short time in 1927 only anti-M was known, and 
this is the usual beginning of knowledge of a blood group— 
one antibody and one detectable antigen (Table II, A). Blood 
agglutinated by anti-M is assumed to be of two kinds, homo- 
zygous and heterozygous: blood not agglutinated is presumed 
to represent a double dose of the gene m recessive in its effect. 

However, anti-m was soon found and called anti-N and it 
became clear that what had at first appeared a recessive 





TABLE Il. THE FIRST TWO STAGES IN THE 
EMERGENCE OF A BLOOD-GROUP SYSTEM 
A B 
Anti-M Genotypes Genotypes 

MM MM 
+ Mm MN 
- mm NN 
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character was really a dominant one just like M (Table II, B). 
This is usually the second step in the elucidation of a blood- 
group system—the finding of the antibody to that hypothetical 
antigen ‘‘allelic’” to the one first discovered. When this 
happens the “allelic” antigen ceases to be an idea and becomes 
a fact. 

About ten years later rare and weak forms of both M and 
N were described and were shown to be due to alleles which 
were called N, (Crome, 1935) and M, (Friedenreich & 
Lauridsen, 1938). 

A major step was the discovery of an antibody called anti-S 
(Walsh & Montgomery, 1947; Sanger & Race, 1947). Anti-S 
gave the following reactions: 


MM: 73% positive 
MN: 54% positive 
NN: 32% positive 


The frequencies of the positive reactions showed that the 
antigen S had something to do with M and N. Had it been 
independent, the incidence of S-positives should have been 
the same in each of the three groups. 

The original tests were fortunately done on a population 
showing this differential distribution and so gave away the 
association between S and the MN system right from the 
start. Populations exist in which the distribution of S is more 
or less the same in all three MN groups: this is true of 
Norwegian Lapps and of the Amba pygmoids of Uganda (see 
Mourant, 1954), but fortunately it was on neither of these 
people that the original work was done. 

However in any population that has S, the association is 
perfectly clear from genetic studies. Figure 1 illustrates this 
most sure method of proving that a new antigen belongs to an 
old system. In family A the father must be heterozygous for 
S, as he has four children lacking S. In this family the S gene 


FIG. 1. FAMILIES SHOWING THE ASSOCIATION OF 


THE ANTIGENS S AND MN 
Famity A 


MN MM 


MM NM NM NM MM NM MM 


Famity B 


NN MN ' 


MN NN MN 


In family A, S is seen travelling with M and in family B with N. In 
order to make the segregation obvious, the contribution of the 
heterozygous parent to each child is written first. 


Black indicates antigen S present; white indicates antigen S absent. 
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is clearly travelling with M: whenever the father has given an 
M gene to a child he has also given that child an S gene, and 
when he has given an WN gene he has given a not-S gene. In 
family B the mother is heterozygous for S, and S is seen 
travelling with her N. 

That S was not simply an allele of M and N was clear from 
the start, as over half MN people had the antigen S as well. 

When an antigen like S is found, people lacking it are 
presumed to be homozygous for an allelic gene, s, which also 
makes an antigen, and a search is begun for the corresponding 
antibody. Four years passed before Levine, Kuhmichel, 
Wigod & Koch (1951) found the first example of anti-s. 

Table III shows how anti-S and anti-s split up the MN 
groups, and fig. 2C gives a diagrammatic representation of 
how the MNSs chromosome was thought of at this stage. 
M and N are allelic genes: they must occupy one site where 
Mendelian substitution can go on, and we may as well call 
this site by its usual name of a locus. S and s are allelic to 
each other but not to M and N, so they are given another 
locus which must be very close to the MN locus. The two 
loci must be very close indeed to each other, for there is no 
evidence of crossing-over having separated them. Whether 
this be called one gene with two sites where substitution can 
go on, or two genes with one site each, seems to be a matter of 
semantics, for geneticists do not agree on how to define the 
boundaries of a gene. In our present state of ignorance the 
diagram in fig. 2C seems the simplest way of thinking of the 
MNSs genes. However we look at it there must be two sub- 
stitution sites, one responsible for stamping red cells with 


TABLE Ill. GENETIC INTERPRETATION OF THE 
REACTIONS OF ANTI-M, ANTI-N, ANTI-S AND 
ANTI-s SERA 





Anti- Genotype roy 

M N S s (four sera) inet three sera) 
+ = , oe MS/MS 
: « = & MS/Ms ae 
» Se a ae Ms/Ms Ms/Ms 
+ + _— - MS/NS 

MS/Ns MN.S 
+ + + + Ms/NS 
+ + a Ms/Ns Ms/Ns 
._- = & « NS/Ns : 
- HM bal 4 Ns/Ns Ns/Ns 


either M or N antigens, the other responsible for stamping 
them with S or with s antigens. 

The next advance was the discovery that rather less than 
1% of negro blood samples lack both the antigen S and the 
antigen s (Greenwalt, Sasaki, Sanger, Sneath & Race, 1954). 
The interpretation of these apparently inert phenotypes is a 
problem that arises sooner or later in most of the blood-group 
systems, and it is discussed below. The absence of all known 
antigens may reflect the presence, in the homozygous state, 
of an unknown allele. This was the interpretation we favoured 
and we assumed such samples represented the homozygote 
S“S“. If S“ exists it should make an antigen to which sooner 
or later an antibody should be found. 

Other rare alleles of M and N, besides M, and N2, are 
known. M’° produces an antigen, considered to be inter- 
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FIG. 2. DIAGRAMMATIC REPRESENTATION OF THE 
GROWTH OF KNOWLEDGE OF THE PORTION 
OF CHROMOSOME RESPONSIBLE FOR THE MNSs 
BLOOD GROUPS 





Mor Nor Mz or N,or M°or M9 
Morm MorN Sor sor SY 
one or more loci needed for 
__| the genes Hu, He, Vi, Mi“aVr 
A B Cc 18) 
1927 1927 1947 1958 


A 1927, B 1927: representing first two stages in emergence of a 
blood-group system 
C 1947: representation of how the MNSs chromosome was thought 
of, in 1947 


D 1958: representing present knowledge of the genetic background 
of the MNSs system 


mediate between M and N, which reacts with some anti-M 
and with some anti-N sera (Dunsford, Ikin & Mourant, 1953). 

The allele M’, though extremely rare, is a most interesting 
one, as its corresponding antigen does not react with either 
anti-M or anti-N (Allen, Corcoran, Kenton & Breare, 1958). 
M*, however, does react with its specific antibody, anti-M®. 
The antigen M* is very rare: no example was found in testing 
2,500 Bostonians nor in testing 3,000 Londoners (Zeitlin, 
personal communication, 1958). The antibody, on the con- 
trary, is relatively common and may be found in 3% or so of 
normal sera. 

Part of the pedigree of the family in which M® was found is 
given in fig. 3. Tests with anti-M and anti-N would have 
excluded both fathers from paternity of their sons—for the 
fathers reacted as if they were group N while their sons 
behaved as if they were group M. On the other hand, the 
presence of the very rare antigen M® in fathers and in sons 
virtually proved paternity. The explanation was simple, once 
it was realized that M”’ is an allele of M and N, and that 
neither anti-M nor anti-N reacts with the antigen M*. The 


FIG. 3. THE M& FAMILY 











phenotype 
genotype 


MS 


N N 
M%s/Ns MS/Ms_ M%/Ns Ms/Ns 


M 
M%/Ms 


N 
Ns/Ns 
M® is a very rare allele of M and N. The antigen M& does not react 
with anti-M or with anti-N but it does react with anti-Mé&. 


Black indicates antigen M® present; white indicates antigen Mé 
absent. 


(Part of the pedigree from Allen, Corcoran, Kenton & Breare, 1958) 


M 
M%/Ms 
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extremely rare homozygote M’M?’ probably exists somewhere 
in the world, and, if he were found, his blood would be 
negative with both anti-M and anti-N. 

Another step in the advancing knowledge of a blood-group 
system is the recognition of what is called the dosage effect. 
Two M genes make more M antigen than one does. This was 
recognized by the discoverers of MN and has proved to be a 
general phenomenon of practically all blood-group genes 
except A, B and probably D. The effect is quite well shown 
by S and s. Curiously it is only some antisera that are good 
at revealing dosage effect. 

Up to this stage the MNSs system is straightforward and 
tidy, and all the facts fit easily into the simple genetic pattern 
of two very closely linked loci, each of which may be occupied 
by one of a choice of two or three alleles. There are, however, 
other antigens belonging to the MNSs system whose precise 
place is not clear. 

As long ago as 1934 Landsteiner, Strutton & Chase injected 
several rabbits with the blood of a negro, Mr Hunter. One 
of the rabbits responded by making an antibody to an antigen 
in Mr Hunter’s blood. The antigen, called Hu, was found to 
be present in about 7° of American negroes. It was evidently 
part of the MN system, as all Hu+ samples belonged to 
groups N or MN, and this was later confirmed by genetic 
studies. 

Another antigen peculiar to negroes was discovered by 
Ikin & Mourant (1951). The Henshaw, or He, antigen is 
present in 2% or 3% of West African negroes. The antigen 
was shown to be part of the MNSs system when most of the 
positives were found to have the antigens N and S as well. 
The work of Shapiro (1956) has shown that the antigen He 
is associated with different combinations of M or N and S or 
s in different parts of Africa. 

The evidence so far is that the antigens Hu and He are not 
controlled by alleles of MN or of Ss but depend on genes 
closely or absolutely linked to MN and Ss. Hu and He do 
not seem to be alleles of each other. It will be seen below 
(in discussing fig. 6) how useful such antigens can be in 
genetic studies of negro families. 

The next glimpse of further complexity of the system was 
gained in 1954 when van der Hart, Bosman & van Loghem 
found a new antibody which had been the cause of haemolytic 
disease of the new-born. The corresponding antigen at first 
appeared to be of the “private” type: it was called Vw. 
Figure 4 shows part of the pedigree of the original Vw family: 
it serves to illustrate yet once more how illuminating the 


FIG. 4. A FAMILY SHOWING THE ASSOCIATION OF 
THE ANTIGEN Vw WITH THE MNSs SYSTEM 


oo) 
MS/Ns Ms/Ms 


MS/Ms MS/Ms  Ns/Ms  Ns/Ms —_Ns/Ms 


In this family (after van der Hart, Bosman & van Loghem, 1954) the 
gene responsible for the antigen Vw is seen to be travelling on an 
Ns chromosome. 


Black indicates antigen Vw present; white indicates antigen Vw 
absent. 


testing of relatives can be. The antigen Vw is now known to 
have a frequency amongst whites of about one in 2,000: if tests 
on unrelated people alone had been done it still would not 
be known that Vw had anything to do with the MNSs system, 
but this very first family to be tested gave the association 
away. 

The propositus,! marked with an arrow on fig. 4, has the 
antigen. His wife has made an antibody to it, presumably 
stimulated by her last three pregnancies. The husband is 
heterozygous for the gene responsible, because the first two 
children lack Vw. By good fortune the MNSs groups of this 
family are such that it is clear where the father’s MS genes 
are going and where his Ns genes are going. To the first two 
children he has given an MS gene but not his Vw gene: to 
the last three children he has given an Ns gene and to all three 
he has also given his Vw gene. The rest of the family, not 
included in fig. 4, confirmed that Vw was travelling with Ns 
and put the association beyond the range of being a chance 
one. 

It was next found that the members of this family who had 
the Vw antigen also had the very rare antigen Mi*, so it was 
assumed that Mi* and Vw were synonymous. (Mi* is the 
symbol given to the Miltenberger antigen described three 
years before Vw, by Levine, Stock, Kuhmichel & Bronikovsky, 
1951; Mi* had not previously been realized to belong to the 
MNSs system.) But Mi* and Vw are not quite the same: 
Wallace, Milne, Mohn, Lambert, Rosamilia, Moores, Sanger 
& Race (1957) found that only about half the samples of 
Mi(a+) blood are Vw-++-, the other half are Vw—. 

The same authors (Mohn, Lambert, Rosamilia, Wallace, 
Milne, Moores, Sanger & Race, 1958) tested 13 white families 
and found that the gene responsible for the Mi(a+) Vw+ 
reaction usually travels on an Ns chromosome (no exception 
has yet been found), and that the gene responsible for the 
Mi(a+) Vw— reaction usually travels on an MS chromosome 
(in one family it was found travelling on an Ns chromosome). 
According to Mohn et al. (1958) the phenotype Mi(a+) Vw+ 
results from the presence of the antigen, and gene, Vw, while 
the phenotype Mi(a+) Vw— results from the antigen, and 
gene, Mi*. 

Thus the antigens Mi* and Vw are an intimate part of the 
MNSs system, but their precise genetic relationship remains 
to be discovered. At least it seems clear that the genes Vw 
and Mi’ are not alleles of M or N or of S or s: several Mi(a+) 
Vw-+ and Mi(a+) Vw— people have been found to be of the 
phenotype MNSs, and their M, N, S and s antigens were 
indistinguishable from normal ones, judged by their reactions 
with the corresponding antisera. 

The latest contribution to the MNSs system also comes 
from Holland, where a new antigen called Vr has been found 
(van der Hart, van der Veer, van Loghem, Sanger & Race, 
1958). One in about 400 Dutch people have Vr. The pedigree 
summarized in fig. 5 shows that Vr belongs to the MNSs 
system. The father is heterozygous for the new gene, as is 
shown by the fact that he has four children lacking the antigen. 
Vr has travelled to all the five children who have received their 
father’s Ms chromosome. The four children who have 
received their father’s Ns chromosome lack Vr. In the two 
other families so far tested Vr is also travelling on an Ms 
chromosome; but, though Ms seems to be the chromosome 


+ Propositus: a modern adaptation of the participle of proponere, used for the 
first of a family to show some condition which on investigation proves to be 
familial.—Eb. 

® 


a ef an ea 


Tro = fF SS 4 
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FIG. 5. A FAMILY SHOWING THE ASSOCIATION OF FIG. 6. 


A VENEZUELAN NEGRO-INDIAN FAMILY 
THE ANTIGEN Vr WITH THE,MNSs SYSTEM 


SHOWING THE INDEPENDENCE OF THE ANTIGEN 


can hardly be an allele of M or N or of S or s, and this is all 00 A,O AO ; = 
In fig. 2 an attempt is made to summarize the growth of P P, P, 


Ms/Ns NS/Ns 


Di? OF CERTAIN OTHER SYSTEMS 








Ms/Ns Hu- 
' P, 
CDe/cDe V- CDE/cDe V+ 
Ms/Ns Ms/NS  Ns/NS — Ns/Ns Lu(a-) Lu(a-) 
(three) (two) (two) (two) a K- 
Le(a-) Le(a-) 
In this family (summarized from van der Hart, van der Veer, van Fy (a-) Fy(a+) 
Loghem, Sanger & Race, 1958) the gene responsible for the antigen Jk (a+b-) Jk (a+b+) 
Vr is seen to be travelling on an Ms chromosome. in Js- 


Black indicates antigen Vr present; white indicates antigen Vr absent. 
The number of children is given in brackets below each group. 


of choice, at any rate in Europeans, exceptions will doubtless 
be found. Serological tests showed that Vr, like Mi* and Vw, 


knowledge of the genetic background of the MNSs system: 
at present it is fairly clear that Hu, He, Mi*, Vw and Vr are 
not alleles of M or N or of S or s but there is yet no evidence 
of their relationship to each other, and there probably will 





I 
Di (a-) Di(a+) Di(a+) Di(a-) Di (a+) 
A,O 00 


' P, P, 
cDe/cDe V+ CDe/CDE \- CDE|cDeV- CDE/cDeV- CDe/CDE V- 
Lu (a-) Lu(a-) Lu(a-) Lu(a-) Lu(a-) 
K- K- k= K- K- 
Le(a-) Le(@-) Le(a-) Le(a-) Le(a-) 


' 





+ 
+ F “7 y - 
f not be for a long time because of the extreme rarity of these Pe eet PY are Ps art nee PY ack C. 
enes. - 
9 . The antigen Di?, shown in black, is seen to be segregating inde- : 
’ 4. Establishing the Existence of a ‘‘New’’ Blood-Group System Wes bas tae Gar — 1959) om ay ee ee = 
n The proof that a new antigen represents a new system, and | and Il_represent first and second generations. 7 
e is not part of a known one, is laborious. It depends ultimately 
e on showing that the gene responsible for the new antigen is simple way of seeing whether the children demonstrate that 
). inherited independently of the genes responsible for all the the two systems are not part of each other. The four possible = 
- systems known at the time. contributions of the doubly heterozygous parent are written 
le The argument is based on the fact that recombination, thus: 
id which is the outward sign of crossing-over, has never been a , ; - 
observed in the Rh or MNSs systems; it probably can happen, Di" Oi Di i 
1e but must be an extremely rare event. If therefore the genes A, ©O A, oO : 
ns for, say, the Diego system segregate independently of the Se g 
w genes for, say, the ABO system, then we can be sure that the 2 1 1 : : 
-) Di* antigen is not part of that system. A qualification is that 
he illegitimacy could give a false appearance of independence of The example gives what we have called an independence 
re segregation when the independence is the contribution of the count of 3:2. If, as in this example, there are entries on both 
ns sperm. sides of the vertical line, then the two gene systems being tested 
Families of two or more children are needed to show are proved not to belong to one and the same system. If all 
es independent segregation of two genes, and only certain mating the entries are on one side of the vertical line it is probably 
nd types can do so. The most informative mating type is that a chance finding, but if it were a constant finding in other 
pe, known as the double back-cross: in this type one parent is families then this would show that the two systems are one 
ree heterozygous for both the genes being investigated, and the and the same. If in most families the entries were all on one 
iSs destination in the children of this parent’s genes must be side of the vertical line but in occasional families entries on 
_ is clear. The family whose pedigree is shown in fig. 6 serves as both sides were found, this would mean that the two systems 
en. an example. The mother, I-2, is of the genotype Di*Di, for are not part of each other but that their genes are linked in 
eir she has some DiDi children; she is also heterozygous A,O, the classical sense: this type of linkage presents quite a 
ave for she has some OO children. Her contribution to the five separate problem and it is dealt with by Lawler & Renwick 
wo children has been Di with O, Di* with A, (to two children), on p. 145 of this number of the Bulletin. 
Ms Di with A, and Di* with O respectively. (The choice of the The family whose pedigree is shown in fig. 6 is a particularly 
me gene symbol Di, rather than Di’, was prompted by the informative one: it shows that Di* is independent of ABO 
Suggestion of Ford (1955), that a gene whose antigen has not (3 : 2), MNSs (3 : 2), Rh (4: 1), Duffy (4: 1) and Kidd (4: 1). 
- the yet been recognized by an antibody should be represented by But for the presence of the antigen Hu, the MNSs segregation 


the systemic symbol without a suffix.) The following is a 
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would not have been apparent: II-2, -3 and -4 show that the 
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father’s Hu gene must be travelling on his Ns chromosome, 
therefore II-1 and -5 have received their Ns from their 
mother. 


5. Apparently Inert Phenotypes 


The existence of samples of blood which are agglutinated 
by neither anti-S nor anti-s serves as an example of a pheno- 
menon in several of the blood-group systems. In Table IV a 
list is given of these minus-minus phenotypes; the phenotype 
Jk(a—b—), recognized in the blood of a Filipina, is a very 
recent addition to the list (Pinkerton, Mermod, Liles, Jack & 
Noades, 1959). 

When there is no evidence of activity at a locus, genetics 
provides several well-established possible explanations: 

Suppression. Quite a different gene, one not even on the 
same chromosome, may be inhibiting the activity of the gene 
we are interested in. 

Deletion. A piece of chromosome carrying the gene may 
have been lost, by a mechanical accident, at some cell division 
in the past. The piece lost would have to be small or else 
other abnormalities besides merely a peculiar blood group 
would be expected in the homozygote. 

Inversion. Sometimes a small piece of chromosome turns 
upside down in relation to the rest of its chromosome—that 
is, instead of an order of genes ABCDEFG the re-arrange- 
ment might be ADCBEFG. 

Translocation. A piece of chromosome may be moved 
along on its chromosome, or even moved across to another 
chromosome. 

In either inversion or translocation, when a gene finds itself 
in an unfamiliar part of its own or of another chromosome, 
amongst strange neighbour genes, it may behave quite 
abnormally. This is one form of what is called position effect. 

Amorph. The idea of what is called an amorph is, we 
believe, generally accepted in genetics. An amorph is an 
allele that does nothing at all. 


But doubtless the usual cause of apparent inactivity at a 
locus is simply that we do not know how to recognize the 
action that is going on: probably the locus is occupied by an 
allele that produces a perfectly good antigen but one which 
we cannot detect simply because we have not yet found the 
equivalent antibody. We make this guess because of the 
precedent of the once hypothetical antigens e, s, Lu’, k, Fy” 
and Jk”, all of which were subsequently shown to be realities 
by the finding of the equivalent antibodies. 


6. Gene Frequencies 


The result of a blood-grouping test is a phenotype. The 
phenotype can sometimes be directly translated into a geno- 
type; thus cells reacting with anti-M and with anti-N are of 
the phenotype MN and of the genotype MN. Cells reacting 
only with anti-M (or anti-N) are of the phenotype M (or N) 
but the genotype is confidently written down as MM (or NN), 
for it is known that in all populations suitably studied other 
alleles of M (or N) are so rare that they can be ignored. 

The gene frequencies of M and N for any population are 
the proportions in which the locus is occupied by an M gene 
and by an N gene. When the genes are each detectable, as 
they are here, no calculation is needed to find the gene 
frequencies—they can be directly counted. 

A phenotype may, on the other hand, represent one of 
several possible genotypes: for example, red cells agglutinated 
by anti-A and by anti-A, but not by anti-B may be of the 
genotype A,A,, A,A, or A,O. When, as in the ABO system, 
the genes are not directly countable, mathematical methods 
are needed to arrive at the gene frequencies. Some of the 
methods are quite simple and those interested should consult 
reviews on the subject (Mourant, 1954; Race & Sanger, 1958; 
Wiener & Wexler, 1958). 

There are several reasons for finding out gene frequencies. 
They afford a more direct way of comparing the blood-group 


TABLE IV. MINUS-MINUS PHENOTYPES 


Antigenic peculiarity 


Explanation 


First guess Solution 


| EN eee 


| 


EEE nnn nnn 3 


ESSE nnn 


| | | ee —_~SdOOrvmR 


System a . i 
Name Se 
ABO Oo Anti-A, -B 
‘*Bombay”’ Anti-A, -B, -H 
MNSs 7s" Anti-S, -s, -U 
MsMs* Anti-M, -N 
Rh | D-—-—j/D-—— Anti-C, -c, -C™, -C* 
Anti-E, -e, -E” 
Kell K—k— Anti-K, -k 
Lewis Le(a—b—) Anti-Le’, -Le® 
Duffy Fy(a—b—) Anti-Fy*, -Fy® 
Kidd Jk(a—b—) Anti-Jk’, -Jk® 





Third allele, O 
New allele, less rare in India Inhibitor gene 
New allele 

New allele M& 
Deletion 
New allele 


New allele 


* Homozygote not yet observed but known to be possible 
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content of different populations than do phenotype fre- 
quencies. They serve as a useful check on blood-grouping 
technique: for example, if the gene frequency of M=m and 
of N=n in a sample of random people, then the frequencies 
of phenotypes M, MN and N should not deviate significantly 
from the expected frequencies m?, 2mn and n?. If there is a 
significant deviation, then something is probably wrong with 
the tests or, less likely, the samples have come from a popula- 
tion which is racially heterogeneous. 

In the MN example, gene frequencies are not needed to 
calculate the expected proportions of the groups of children 
from the various matings, for we know that from, say, the 
mating MNx MN one-quarter will be expected to be M, 
one-half MN and one-quarter N: but from matings A, x A, 
we cannot, without calculating gene frequencies, know what 
proportion of A,, A, and O children to expect. If the children 
differ significantly from the calculated proportions, then 
technical errors are the most likely explanation, though the 
possibility of a differential survival of embryos, or young 
children, of different groups should be remembered. 


7. Mutation of Blood-Group Genes 


Blood-group genes must mutate, like other genes, and 
mutation must be the basis of the polymorphisms which are 
so striking a character of blood groups. We are recognizing 
mutants whenever we do a blood-group test, but the muta- 
tions have happened in the more or less remote past: to 
detect that a new mutant has been launched is something that 
most blood groupers could not hope to achieve in a lifetime. 

Mutation of a blood-group gene at some stage in the 
development of a sex cell could undoubtedly result in a child 
having a group incompatible with those of his parents; but 
the commoner causes of such an irregularity have to be 
excluded before mutation can even be considered. Thus the 
argument must not take into account the husband’s group, 
because of the possibility that the child is not his, and the 
child should have been born at home, to eliminate as far as 
possible the chance of accidental interchange. Furthermore 
the existence of unsuspected alleles, like M’, could give the 
false appearance of a mutation having occurred in the develop- 
ment of an ovum. 

Because of these qualifications and because of the rarity 
of mutation (which is thought to occur with a frequency of less 
than one in 50,000 gene generations), it is obviously very 
difficult to make a reasonable case for a fresh mutation 
being the cause of some observed irregularity in the inherit- 
ance of a blood group. The only convincing example so far 
is that described by Henningsen & Jacobsen (1954) of an M 
mother to whom an N child was born at home. An extensive 
family investigation seemed to show that the mother must 
have two ordinary M genes. From the account it seems very 
unlikely that an M® gene rather than mutation could have 
been the cause but, of course, the possibility will now have 
to be investigated. 

It is rather surprising that somatic mutation is not an 
established phenomenon in blood groups. Such a mutation 
if it occurred early in development might affect enough blood- 
forming tissue to cause a detectable mixture of, say, O and A 
cells. But no example of a mixture that can convincingly be 
attributed to such a cause has yet been reported. The patient 
of Salmon, Dreyfus & André (1958) whose blood appeared 
to be a mixture of O and A, would have been a plausible 
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example had he not been suffering from myeloid leukaemia, 
and blood disease is now known to be capable of affecting 
the antigen A, as will be reported below. 

The suggestion by Cotterman (1956) that A, blood, which 
looks like a mixture of O and A,, is an example of somatic 
mutation was an attractive one. But A; is a dominant 
character and a gene would have to be postulated which 
causes somatic mutation at the ABO locus, and it would have 
to be closely linked to the ABO locus. This seems too far- 
fetched and, furthermore, there is some serological evidence 
that the apparent O cells in this mixture have some kind of A 
antigen. 

Remembering the enormous rate of production of red cells 
(250 thousand million each day, according to Bessis (1958)), 
we must suppose that somatic mutation is happening every 
minute in the later divisions and that, for example, B and O 
cells are constantly being launched into an A circulation, MN 
cells into an N circulation, and so on. The proportion of 
mutant cells would of course be infinitely small and would 
depend on the appropriate somatic mutation rates, which are 
quite unknown. There is at present no way of demonstrating 
whether this does indeed happen. If it does, one wonders 
whether ABO mutant red cells might be one of the antigenic 
stimuli responsible for the presence of anti-A and anti-B. 
A somatic ABO mutation, if it occurred early in embryonic 
life and involved an adequate area might, on the other hand, 
result in immunological tolerance, of which the outward sign 
could be a “‘ missing agglutinin”. 


8. Modifications of the Expression of Antigens 


For a long time blood-group antigens seemed free from any 
obscuring effect of age, disease or the influence of other genes 
in the body, but in recent years such influences are beginning 
to be recognized and they may conveniently be divided into 
genetic and environmental. 


a. Genetic Modifications 
i. Interaction of Alleles 


The dosage effect has already been mentioned: two M 
genes, for example, produce more M antigen than does one 
M gene. For another and more interesting type of interaction 
we have to turn to the rabbit. An allelic series, Hg+, Hg? 
and Hg’, exists; each allele makes its own red-cell antigen A, 
D or F as the case may be; but Cohen (1956, 1958) has shown 
that the heterozygote Hg+/Hg”, besides making A and D, 
makes a new antigen, I, not made by any other genotype. 
(Were the genetic background not known, I would be assumed 
to be a recessive antigen.) This type of interaction of alleles 
is surely something to look for in human blood groups. 


ii. Interaction of Closely Linked Genes 


This sort of interaction has not yet been recognized in the 
MNSs system but notable examples are to be found in Rh. 
The genotype cDE/cde, for example, produces more E 
antigen than does the genotype CDe/cDE (Lawler & Race, 
1951). Because the presence of D seemed to have a depressing 
effect on the E antigen (and on C and e), it was guessed that 
perhaps a common basic substance, of limited amount, was 
needed by all Rh genes for their function. This guess seemed 
to be supported by the subsequent finding of — D—/— D— red 
cells, which have more D than any other DD cells yet found, 
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and which would presumably be free of any competition for 
basic material (Race, Sanger & Selwyn, 1951). 

By using certain chosen anti-C and anti-E sera, it has been 
possible to demonstrate a difference in the C and E antigens 
of the red cells of donors whose genotypes contain the same 
Rh genes, C, D, E, etc., but in different alignments (Race, 
Sanger, Levine, McGee, van Loghem, van der Hart & 
Cameron, 1954). The effect may be summarized thus: 


C antigen E antigen 
genotype CdE/cde little much 
genotype Cde/cdE much little 
genotype CDE/cDe little much 
genotype CDe/cDE much little 


The rule seems to be that when C and E are in the cis 
position the antigen C is inhibited, and, when C and E are 
in the trans position, E is inhibited. The word “‘inhibited’”’ 
is used in terms of eclectic antisera: with certain other antisera 
the antigens C and E appear to be present in much the same 
strength in all the samples. 

A very attractive alternative interpretation of this pheno- 
menon has been proposed by Rosenfield (1958) who considers 
that the position effect influencing the C antigen may be 
explained by the eclectic antisera’s being mainly anti-Ce in 
specificity. He has reported an antibody which appears to be 
entirely anti-Ce, for it reacts only with red cells representing 
genotypes where C and e occur on the same chromosome. 
(The family whose pedigree is shown in fig. 6 was tested with 
Dr Rosenfield’s serum and only the cells of I-1, I]-2 and II-5 
were agglutinated.) The possibility that anti-f might be of 
the specificity anti-ce (Sanger, Race, Rosenfield, Vogel & 
Gibbel, 1953; Jones, Steinberg, Allen, Diamond & Kriete, 
1954) would fall into line with Rosenfield’s views, and would 
bring to Rh the exciting prospect of a new dimension in 
complexity. 

Another interesting position effect was beautifully demon- 
strated by Ceppellini, Dunn & Turri (1955). The D gene of a 
CDe chromosome (or cDe or cDE), if it is partnered by a 
Cde chromosome, may not be able to express itself fully as a 
D antigen, and a pseudo D* results. When such an apparent 
CD“e chromosome segregates, in a family, away from Cde, 
it discloses itself as a normal CDe. 


iii. Interaction of Genes at Separate Loci 


Modifying genes are genes whose only known effect is to 
interfere with the expression of other genes. Such genes had 
long been recognized in other species before the first clear 
example was found in man—that of the secretor genes. 

The secretor genes. Schiff & Sasaki, in 1932, demonstrated 
that whether or not the ABO genes are to express themselves 
in the saliva as well as in the red cells is determined by a pair 
of allelic genes, now called Se and se, which are inherited 
quite independently of the ABO genes. (For example, a child 
may receive a B gene from his father who is a non-secretor, 
se se, and yet secrete B by virtue of an Se gene received from 
his group O mother.) The absence of an Se (or perhaps the 
presence of two se genes—we cannot tell which is the critical 
state) interferes with the placing of antigen in the saliva. This 
interference is not quite absolute, as shown by the fact that 
traces of appropriate antigen can be found, by very sensitive 
techniques, in the saliva of non-secretors. 

The Xx genes. A very common gene X exists which has an 
even more remarkable effect than the Se gene on the expres- 


sion of the ABO genes: when it is absent (in the very rare 
genotype xx) no B or H antigen appears in the saliva or on 
the red cells. (The effect of the Xx genes on A is not yet 
known.) 

The Xx genes explained the “Bombay” phenotype described 
some years earlier by Bhende, Deshpande, Bhatia, Sanger, 
Race, Morgan & Watkins (1952). Both red cells and serum 
were peculiar: the red cells remained unagglutinated not only 
by anti-A and anti-B but also by anti-H; the serum contained 
anti-A, anti-B, and anti-H as well. At the time it was sup- 
posed such people were homozygous for some new kind of 
ABO gene; Ceppellini (1952), on the contrary, thought that 
they would probably prove to be examples of an inhibitory 
mechanism involving both red cells and saliva. Ceppellini’s 
brilliant prediction was shown to be true by Levine, Robinson, 
Celano, Briggs & Falkinburg (1955) when they found, in an 
American family of Italian extraction, three more examples 
of the peculiar blood. The groups of the family made it clear 
that the ‘“‘Bombay” type of people have no new ABO genes: 
they have ordinary ABO genes but they lack X. 

Part of the family described by Levine et al. (1955) is shown 
in fig. 7. The propositus, II-2, has the “‘Bombay” type of 
blood. Her father is an ordinary O and her mother an 
ordinary B. The propositus has received an O gene from her 
father and a B gene from her mother, yet since she lacks XY 
she shows no sign, in red cells or saliva, of the corresponding 
antigens. But there is nothing wrong with her B or O genes 
as, in the next generation, they behave normally—her elder 
daughter is a normal A,B and her younger daughter a normal 
O. 

It is not known whether the Xx genes are on the same 
chromosome as the ABO genes; there is no special reason why 
they should be. They are certainly not closely linked: this 
follows because I-1 and I-2 in fig. 7 are first cousins, and x 
has travelled with O from I-1 and with B from I-2. 


FIG. 7. SUPPRESSION OF THE EFFECT OF BLOOD- 
GROUP GENES: A SUPPRESSOR GENE IN ACTION 






I 
phenotype O B 
genotype 00 BB or BO 
modifier genotype Xx Xx 
2 
I <_ 
2 
Ii 
A.B O 
A,B 00 
Xx Xx 


When the gene X is absent, the antigens B and H are not developed 
on the red cells (nor in the saliva). ““O’’ represents “‘Bombay” type 
of blood which has these characters: the red cells are not agglutin- 
ated by anti-A, anti-B or anti-H; the serum contains anti-A, anti-B 
a (after Levine, Robinson, Celano, Briggs & Falkinburg, 
1955). 


I, Il and Ill represent first, second and third generations. 
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The Yy genes. Evidence for the existence of another very 
common modifying gene, Y, has been given by Weiner, Lewis, 
Moores, Sanger & Race (1957). In the absence of the gene Y 
the development of the A antigen in the red cells is inhibited 
and in the saliva is much reduced: the antigens B and H are 
not affected by the Yy genes. 

The Lewis groups. The most complicated example of the 
interaction of genes at separate loci is provided by the Lewis 
groups. The antigens Le* and Le” are thought to be primarily 
antigens of the body-fluids, notably of the saliva, which only 
secondarily become attached to the red cells (Grubb, 1950, 
1951; Ceppellini, 1955a, 1955b; Sneath & Sneath, 1955; 
Makela & Makelad, 1956). The gene L, which produces the 
soluble antigen Le*, is dominant in effect and is not linked 
to the secretor or ABO genes (Ceppellini, 1955a; Ceppellini & 
Siniscalco, 1955; Sanger & Race, 1958). 


TABLE V. INTERACTION OF THE LEWIS AND SECRE- 
TOR GENES (slightly modified from Grubb, 1951 and 
Ceppellini, 1955a) 


| Phenotypes 








Saliva 
Genotypes Red cells 
ABH Le* 
Se Se LL 
Se Se LI 
Se se LL + af Le(a—b+) 
Se se LI 
se LL 
aa Li md + Le(at+b—) 
Se Se Il 
Se se Il + sis Le(a—b—) 
se se Il -- _ Le(a—b—) 


Table V shows how, according to the present view, the 
Lewis phenotypes of red cells result from the interaction of 
the secretor genes and the L/ genes. It seems that there is a 
limited amount of substrate that can be made into water- 
soluble ABH substance or Le* substance. The demands of the 
secretor and ABO genes are satisfied first and, consequently, 
in secretors little substrate is left for the L gene to make into 
Le* substance: some Le* substance does reach the saliva but 
not enough reaches the plasma to hook on to the red cells and 
make them give the Le(a+) reaction. In non-secretors, how- 
ever, all the substrate is available for the L gene to mould into 
Le* substance; then the saliva is saturated with Le* substance 
and enough reaches the plasma to hook on to the red cells 
and make them give the Le(a+-) reaction. 

There does not seem to be an Le’ gene; the red-cell antigen 
Le’ appears to be a product of the interaction not only of the 
Se and L genes, as shown in Table V, but also of the ABO 
genes (Race & Sanger, 1958; Andersen, 1958). 

A recent paper by Andersen (1958) demonstrates that inter- 
action of the ABO, Li and secretor genes can result in a red- 
cell antigen provisionally called ‘“‘Magard”: this antigen 
appears when the genotype contains at least one A gene, at 
least one Se and no L gene. 
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b. Environmental Modifications 
i. Age 

Practically all the red-cell antigens are well developed long 
before birth but there is no doubt that age can affect some of 
them. Kemp (1930) showed that the agglutinability of A and 
B red cells increased from birth to 20 years. It is now not 
quite clear that this represents merely a quantitative change, 
as Witebsky & Engasser (1948, 1949) found that, if the tests are 
done with human immune anti-A and anti-B, the apparent 
strength of the antigens of the new-born equals that of the 
adult. We say “apparent” because the equality depends on 
the tests being done in saline; if they are done in serum the 
infant’s cells are notably weaker in A and somewhat weaker in 
B. It is common experience that cord blood often gives the 
reaction of A, when it is genetically A,. 

The antigens Le* and Le” of the red cells are certainly 
influenced by age: cord samples give the reaction Le(a—b—) 
which is given by only about 6% of white adults. At another 
stage in life these antigens may vary: according to Brendemoen 
(1952), ‘‘The agglutinability of cells for anti-Le* and anti-Le” 
sera are considerably reduced during pregnancy”’. 


ii. Disease 

It now seems certain that the A antigen of the red cells can 
be affected by certain blood diseases: there is no information 
yet about B. Van Loghem, Dorfmeier & van der Hart (1957) 
reported the finding of an extremely weak A in a patient who 
a year previously had been grouped as A without difficulty 
or comment; he was a non-secretor. The patient was suffering 
from myeloblastic leukaemia from which he shortly died. It 
seemed possible that the A antigen of his red cells was being 
affected in some way by his disease. 

That disease can change the A antigen was put beyond doubt 
by Stratton, Renton & Hancock (1958), who investigated the 
blood of a patient suffering from hypoplastic anaemia: the 
patient had previously been grouped as a normal A and had 
transmitted an A, gene to his daughter; he also was a non- 
secretor. During his illness his red cells were found to be no 
longer agglutinable by anti-A, though they could combine 
with anti-A as shown by its subsequent elution. These are 
obviously most important observations which should throw 
light on the aetiology of the diseases or disease involved. 


iii. Mixtures of Blood 

The expression of antigens can be confused when a mixture 
of blood is present in the circulation. Such mixtures can 
almost be classified as artifacts. 

Transfused cells. The commonest cause of mixed blood is 
blood transfusion, but this, of course, is only a transient 
modification. 

Foetal bleeding. It is now established that foetal red cells 
can on occasion get into the maternal circulation and be 
clearly detectable there because of their paternal antigens 
(Chown, 1954, 1955; Gunson, 1957; Dunsford, 1957). 

Chimeras. The most curious mixtures of blood are those 
found in chimeras—dissimilar twins who have shared a 
circulation in utero. Chorionic vascular anastomosis is almost 
the rule in dissimilar twin cattle but in man it is evidently 
an extreme rarity, for only three examples have so far been 
found (Dunsford, Bowley, Hutchison, Thompson, Sanger & 
Race, 1953; Booth, Plaut, James, Ikin, Moores, Sanger & 
Race, 1957; Nicholas, Jenkins & Marsh, 1957). Primordial 
blood cells settle down in the opposite twin and continue 
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throughout the life of that twin to produce red cells stamped 
with the antigens of the other twin. That the precursors of 
white cells also are grafted in the opposite twin has been 
shown by Davidson, Fowler & Smith (1958), who found 
female ‘‘drumstick” nodules on the nuclei of some of the 
polymorphs of the two male chimeras who both had female 
twins. 


9. Comment 


With minor qualifications blood-group antigens behave like 
straightforward dominant characters: no good example has 
yet been found of a recessive antigen, that is, an antigen which 
requires for its appearance the presence of a double dose of 
the corresponding allele. For a long time the red-cell antigen 
Le* was thought to be such a recessive character. Now, how- 
ever, it is emerging as a dominant character but one that can 
only be expressed in a recessive non-secretor background: it 
was the background that had been giving the appearance of 
recessivity to the antigen. 
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with which the presence of the blood-group gene corresponds 
with the presence of its antigen. 
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The task of the immunochemist in the field of human blood 
groups is to isolate and characterize the substances which 
possess the specific blood-group properties and to elucidate 
the chemical structures in these materials which are responsible 
for their complete serological independence. As yet such 
studies have been largely restricted to those blood-group 
characters which occur not only on the erythrocyte surface 
but also in a water-soluble form in tissue fluids and secretions, 
that is, the substances associated with the ABO and Lewis 
blood-group systems. The chemical nature of the materials 
responsible for the specific characters of the seven other 
well-established human blood-group systems remains obscure, 
although the observation that a substance with a serological 
specificity related to the P, factor of the P system (see Race & 
Sanger, 1958) occurs in certain hydatid cyst fluids (Cameron 
& Staveley, 1957) suggests that it may not be long before the 
broad chemical nature of the substances associated with this 
system is ascertained. In the 15 years which have passed, 
however, since the last account of the occurrence and nature 
of the blood-group substances appeared in this Bulletin 
(Morgan, 1944), considerable progress has been made in our 
understanding of the physical, chemical and biological pro- 
perties of the water-soluble blood-group specific substances. 
Indeed the subject is now so large that in this short review it 
is possible to discuss only a few aspects, and the main em- 
phasis will be given to those recent advances which have 


provided some insight into the nature of the chemical struc- 
tures within the complex macromolecules that are responsible 
for their remarkable serological specificity. The sources of 
specific group substances, the methods used for their isolation 
and purification and the general properties of the blood-group 
macromolecules will be mentioned in brief outline only, and 
for full details and references the reader is referred to the 


monograph by Kabat (1956) and reviews by Morgan (1956, 
1959). 


1. Isolation of the Group Specific Substances 


The most obvious materials from which to attempt to 
isolate the blood-group substances are the red blood cells. 
There are, however, special difficulties associated with the 
isolation of group substances from red cells, for it appears 
that these specific materials are bound in some way with the 
lipid and possibly protein constituents of the erythrocyte 
surface and are in consequence practically insoluble in water. 
Early attempts to isolate the serologically specific substances 
by extracting erythrocytes with ethanol and other organic 
solvents gave products which were, in part, of carbohydrate 
nature, but these materials were of low activity and were never 
satisfactorily purified. 

The occurrence of the blood-group substances in a water- 
soluble form in the tissue fluids and secretions of the body 
has been known for about 30 years and it is these materials, 
and water-soluble substances from animal sources showing 
serological specificities related to the human blood-group 
substances, that have been used for biochemical studies. 
Saliva, gastric juice and meconium (from the new-born), 
among the normal secretions of the body, are the most potent 
sources of blood-group substances. The pathological fluid 
obtained from ovarian cysts is also frequently a very rich 
source of material. 

Several methods for the isolation and purification of group 
substances have been described, but it has generally been 
found that extraction of the freeze-dried tissue fluid or secre- 
tion with cold 90% phenol is a very efficient method for 
eliminating the major part of the accompanying unspecific 
protein and other impurities in the natural secretions. This 
process leaves a phenol-insoluble residue which possesses 
most of the specific activity of the original secretion. Further 
purification can then be achieved by high-speed centrifugation 
or fractionation from water or certain organic solvents. The 
use of high temperatures or of reagents which are strongly 
acid or alkaline must be avoided during the isolation of the 
specific substances in order to reduce to a minimum the 


possibility of producing irreversible changes in these labile 
materials. 
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2. Properties of the Specific Substances 


One of the most difficult problems encountered in the study 
of the blood-group substances, and of related materials, is 
that of establishing the homogeneity of the isolated product. 
This problem is still not solved, but preparations of human 
A, B, H and Le* substances have been obtained which show 
no evidence of heterogeneity when examined by ultracentri- 
fugation, electrophoresis or fractional solubility tests. The 
group substances are macromolecules with a particle weight 
of about 200-300 x 10°, which possess considerable structural 
asymmetry with axial ratios somewhat greater than 100. The 
substances show no absorption peaks in the ultra-violet 
region. The A, B, H and Le* substances each contain the 
same four sugar components: L-fucose, D-galactose, and two 
amino sugars D-glucosamine and p-galactosamine and, so far 
as is known, the same 11 amino acids. It is possible that 
additional amino acids exist in these substances (Carsten & 
Kabat, 1956) but they are likely to be present in very small 
amounts. The general behaviour of the group specific com- 
plexes shows that they are not simply a loose combination of 
a macromolecular polysaccharide with a protein moiety but 
that they belong to the class of compounds known as muco- 
polysaccharides which contain carbohydrate chains and 
peptide units bound together by primary chemical bonds. 
Typical analytical values for preparations of the specific 
substances are given in Table I. 


TABLE I. ANALYTICAL FIGURES (TYPICAL VALUES) 
FOR PREPARATIONS OF THE HUMAN BLOOD- 
GROUP SUBSTANCES 


Nitrogen 
% 


A substance 
H substance 
Le* substance 
B substance 
AB substance 
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A question which arises in relation to the water-soluble 
blood-group substances is whether, in secretions in which 
more than one specific serological activity has been demon- 
strated, each of the specificities is associated with a different 
molecular entity or whether individual mucopolysaccharide 
molecules carry more than one specificity. The usual chemical 
fractionation procedures and electrophoretic and ultracentri- 
fugal methods cannot be used to separate the A, B, H and 
Le* substances from each other completely because of their 
close physical and chemical similarity. By means of sero- 
logical precipitation tests with selected monospecific antisera, 
however, it was found that in the tissue fluids of secretors 
belonging to group AB a large proportion of the macromole- 
cules possess both A- and B-specificity (Morgan & Watkins, 
1956). Similarly, in the secretions of group A, individuals 
which show both A and H serological activity, there are mole- 
cules which carry both A- and H-specificity as well as some 
which carry H-specificity only (Watkins & Morgan, 1957a). 
Recently the extension of this technique to secretions which 
have both A and Le* activity has revealed the existence of 
molecules which possess both A and Le* activity as well as 
molecules which show only Le* activity. The finding that 
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serological characters which result from the activity of genes 
belonging to different genetic systems, such as A and Le’, 
for example, can occur together on the same molecule is of 
great interest when one considers the possible pathways for the 
biosynthesis of these mucopolysaccharide materials. The 
implications of the findings are also of practical importance 
from the point of view of a biochemical approach to the nature 
of the secreted mucopolysaccharides and must be considered 
in the application of quantitative precipitation tests to these 
substances. 


3. Structural Studies on the Blood-Group Substances 


The application of chemical procedures, such as oxidation 
with periodate (Aminoff & Morgan, 1951; Ruszkiewicz, 1958), 
oxidation with hypoiodite (Rondle, 1954), methylation (Bray, 
Henry & Stacey, 1946) and degradation with dilute alkali 
(Knox & Morgan, 1954), to the specific mucopolysaccharides 
has given some interesting, but limited, structural information. 
The method which has so far proved most promising, how- 
ever, is hydrolysis of the group substances under controlled 
conditions with dilute acid. 

Mild acid hydrolysis of blood-group A, B and H substances 
from hog or human sources results in the destruction of 
blood-group activity as measured by the iso-agglutination 
inhibition test, a marked increase in the capacity of the sub- 
stances to cross-react with Type XIV antipneumococcus 
horse serum (Kabat, Baer, Bezer & Knaub, 1948) and, in the 
case of A substance, an enhanced capacity to inhibit the 
haemolysis of sheep cells by rabbit anti-A serum (Aminoff, 
Morgan & Watkins, 1948). These changes are accompanied 
‘by the liberation of reducing sugars of which free fucose 
forms the major part. It has recently been shown that the 
materials which are non-dialysable after mild acid hydrolysis 
of A and B substances each develops a new and independent 
serological specificity in addition to the capacity to cross- 
react with Type XIV serum (Allen & Kabat, 1957). These 
materials are still antigenic in man and are able to stimulate 
antibody formation even in individuals of the same blood 
groups as those from whom the original substance was 
derived. 

The small molecular weight products formed by the gentle 
hydrolysis of group A substance with dilute mineral acid or 
acetolysis have been examined after their separation on 
charcoal-celite and cellulose columns (Cété & Morgan, 1956, 
and unpublished data). By this method six nitrogen-contain- 
ing disaccharides were recovered and identified by direct 
comparison with disaccharides of known structure or from 
their own chemical and chromatographic behaviour. These 
compounds are given in Table II and it will be appreciated 
from the fact that it is possible to isolate this large number of 
different disaccharide units how very complicated must be 
the structure of group A mucopolysaccharides. 


TABLE Il. NITROGEN-CONTAINING DISACCHAR- 
IDES ISOLATED FROM GROUP A SUBSTANCE 

. O-a-D-Galactosyl-(1->3)-N-acetyl-D-galactosamine 

. O-B-D-Galactosyl-(|->3)-N-acetyl-D-glucosamine 

. O-B-D-Galactosyl-(1-»4)-N-acetyl-D-glucosamine 

. O-a-N-Acetyl-D-galactosaminoyl-(1-»3)-D-galactose 

. O-B-N-Acetyl-D-glucosaminoyl-(1-»3)-D-galactose 

. O-a-L-Fucosyl-(|->6)-N-acetyl-D-glucosamine 
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A different approach to the determination of the structures 
of the specific substances involves the use of enzymes which 
completely destroy the serological activity of the water-soluble 
substances. Such enzymes have been isolated from (i) extracts 
of livers and digestive organs of different snail species; and 
(ii) extracts and culture filtrates of micro-organisms (see 
Kabat, 1956). In those instances where chemical studies have 
been made the loss of serological specificity has been shown 
to be accompanied by the liberation of reducing sugars, in- 
dicating that the enzymes are breaking down the carbohydrate 
portion of the mucopolysaccharide molecules. These enzymes 
are of considerable potential value for structural studies; but 
the results obtained so far have, in most instances, proved 
difficult to interpret owing to the impurity of the enzyme pre- 
parations used. Extensive, although not complete, destruc- 
tion of the haemagglutination-inhibiting activity of A, B, H 
and Le* substances by crystalline preparations of the enzymes 
ficin and papain has recently been demonstrated (Pusztai & 
Morgan, 1958). This decomposition is not accompanied by 
the liberation of free sugars or diffusible oligosaccharides and 
is believed to result from the rupture of a limited number of 
peptide bonds. 


4. Serologically Active Structures within the Specific 
Mucopolysaccharides 


A considerable amount of evidence has accumulated in 
recent years to suggest that only certain parts of the complex 
mucopolysaccharide molecules which constitute the A, B, H 
and Lewis blood-group substances are associated with the 
specific serological properties of the molecules. Studies have 
therefore been directed towards the determination of the 
simplest structure within each group specific macromolecule 
that is responsible for its remarkable immunological speci- 
ficity. 

The first indication that a single component sugar in each 
of the specific substances is more closely involved in the 
serological specificity than are the others was obtained by 
means of agglutination inhibition tests with simple sugars. 
Landsteiner (1920) first showed that substances of low mole- 
cular weight, with structures similar to—or identical with— 
the immunologically determinant group of a complex antigen 
are able to combine with the antibody and thus to inhibit 
competitively the reaction between antigen and antibody. 
Application of this technique to the blood-group substances 
first revealed that L-fucose, alone of all the sugars present in 
these specific materials and of many others tested, inhibited 
the agglutination of O cells by an eel anti-H serum and thus 
Suggested the importance of L-fucose for H-specificity 
(Watkins & Morgan, 1952). Examination of the inhibiting 
capacity of methyl «- and $-L-fucopyranosides and fucofurano- 
sides demonstrated that an «-L-fucopyranosyl structure gave 
the strongest inhibition and therefore showed the closest fit 
with the eel antibody. Inhibition experiments were also made 
with an anti-H reagent of plant origin, namely, an extract of 
Lotus tetragonolobus seeds, and again the results indicated a 
specific role for an «-L-fucopyranosy] structure in H-specificity 
(Morgan & Watkins, 1953). Inhibition of the agglutination 
of A cells by plant seed anti-A reagents also gave the first 
clue to the part played by N-acetylgalactosamine in A- 
specificity (Morgan & Watkins, 1953). Subsequently it was 
found that the one disaccharide isolated from human A sub- 
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stance which possessed an «-N-acetylgalactosaminoyl struc- 
ture (no. 4, Table II) inhibited human anti-A serum, whereas 
the other disaccharides were inactive. It appears therefore 
that this disaccharide has a structure closely similar to the 
dominant serologically reactive unit in the group A substance, 
or identical with it. 

By means of the quantitative inhibition of the precipitation 
reaction between water-soluble substances and their specific 
antisera, Kabat & Leskowitz (1955) were able to confirm 
the importance of N-acetylgalactosamine in A-specificity, 
using a human anti-A serum, and also by means of this 
valuable technique to show that an «-p-galactoside structure 
inhibited the B anti-B system. More recently Allen & Kabat 
(1957) have demonstrated that the new specific precipitability 
which is developed by B substance after the original speci- 
ficity has been destroyed by mild acid hydrolysis is also in- 
hibited by methyl «-p-galactoside, indicating that different 
«-D-galactosyl structures have been exposed by the acid 
treatment. 

Additional and independent evidence for the part played 
by L-fucose, N-acetylgalactosamine and p-galactose in H-, A- 
and B-specificity, respectively, was obtained from the results 
of enzyme inhibition experiments with these sugars (Watkins 
& Morgan, 1955). The enzyme preparations used for the 
inactivation of the A, B and H substances were obtained from 
Trichomonas foetus and Clostridium welchii and it was found 
that the enzymic hydrolysis of each substance was specifically 
inhibited by the sugar that had been shown by serological 
inhibition tests to be important for specificity. It seems 
reasonable to assume that the sugars which bring about the 
specific inhibition are those released by the action of the 
enzyme destroying the particular blood-group character, and 
this assumption would appear to be borne out by the fact that 
fucose is the sugar split off in largest amount from H sub- 
stance by the H enzyme from T. foetus (Watkins, 1955), and 
galactose from B substance by the corresponding B enzyme 
(Watkins, 1956). 

The enzyme inhibition technique thus appeared to provide 
a second method for investigating the units involved in sero- 
logical specificity. The potentialities of the enzyme and anti- 
body inhibition techniques are different in that the former can 
give only a probable indication of the terminal sugar involved 
in specificity, whereas the latter can, if suitable test substances 
are available, be used to elucidate the nature and sequence of 
the sugars which constitute the complete determinant structure 
responsible for serological activity. However, in the absence of 
agglutination reagents of the type exemplified by the plant 
seed agglutinins and eel anti-H serum, which seem to be 
specific for small configurations and can therefore be in- 
hibited by simple sugars, it would appear that the enzyme 
inhibition technique could be used to indicate the terminal 
sugar of the serologically specific grouping and thus to 
suggest the type of di-, tri- or oligo-saccharide to include in 
antibody inhibition tests with human or rabbit antisera which 
are more exacting in their structural requirements. Enzyme 
and antibody inhibition techniques have been combined in 
this way to obtain evidence for the chemical structure that 
is most probably largely responsible for the specificity of the 
Lewis (Le*) substance (Watkins & Morgan, 1957b). The 
destruction of the serological activity of Le* substance by an 
enzyme from 7. foetus was found to be inhibited by L-fucose, 
and therefore a role for this sugar in Le*-specificity was 
suggested. The agglutination of Le(a+) red cells by human 
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or rabbit anti-Le* sera was not detectably inhibited by L- 
fucose or by the other component sugars of the blood-group 
substances; when a number of oligosaccharides which con- 
tained fucose were tested for antibody inhibition, however, 
it became clear that an «-L-fucopyranosyl structure was con- 
cerned in Le*-specificity. The oligosaccharides used were ones 
which had been isolated from human milk by Professor R. 
Kuhn and his colleagues and were of immense value because 
the structure of each was precisely known (see Kuhn, 1957; 
Baer, 1958). The constitutions and trivial names of four of 
these compounds are as follows: 


Lacto-N-tetraose 


O-B-D-galactosyl-(1->3)-O-8-D-N-acetylglucosaminoyl|-(1—>3)-O-8-D-galactosyl-(1->4)-D-glucose (1) 


Lacto-N-fucopentaose | 


O-B-D-galactosyl-(1->3)-O-8-D-N-acetylglucosaminoyl-(1-»3)-O-8-D-galactosyl-(1->4)-D-glucose (2) 


(1-2) 
a-L-fucosyl 


Lacto-N-fucopentaose II 


O-8-D-galactosyl-(1->3)-O-8-D-N-acetylglucosaminoyl-(1—>3)-O-8-D-galactosyl-(1->4)-D-glucose (3) 


(1-4) 
a-L-fucosyl 


Lacto-N-difucohexaose 


O-8-D-galactosyl-(1-»+3)-O-8-D-N-acetylglucosaminoyl-(1->3)-O-8-D-galactosyl-(1->4)-D-glucose (4) 


|r-2) las) 


a-L-fucosyl a-L-fucosyl 


Kuhn & Osman (1956) had tested the oligosaccharides 
from milk for their capacity to inhibit the agglutination of O 
cells by eel serum but found that they were without activity 
in this system in spite of the fact that (2), (3) and (4), and a 
number of others tested, contained «-L-fucopyranosyl struc- 
tures. In the Le* system, however, lacto-N-fucopentaose II 
(3) showed considerable inhibitory activity, and lacto-N- 
difucohexaose (4) weak but definite power to inhibit. Lacto- 
N-tetraose (1), which differs from the pentaose II only in that 
the latter contains an «-L-fucosyl radical joined as a branching 
unit by an «-(1-—-4) linkage to N-acetylglucosamine, failed to 
inhibit, as did also lacto-N-fucopentaose I (2), in which the 
fucose is joined by an «-(1—2) linkage to galactose. These 
results therefore support the suggestion that L-fucose is an 
important part of the determinant specificity of Le* substance 
but also show that the nature of the linkage and/or the sugar 
to which the fucose is attached is of consequence if combina- 
tion with the specific antibody is to take place. An «-L- 
fucosyl unit joined by a (1-4) glycosidic linkage to N-acetyl- 
glucosamine as in (3) would appear, therefore, to be an 
important requirement for neutralization of Le* antibody. 
The weak inhibition given by lacto-N-difucohexaose, which 
also contains this disaccharide unit, could possibly be due to 
the steric hindrance caused by the additional L-fucose carried 
by this hexasaccharide. Alternatively one could postulate that 
the activity of the pentaose II resides in the specific spatial 
pattern given by the structure shown opposite (fig. 1), and 
that a branched trisaccharide unit formed by two non-reducing 


end-units «-L-fucosyl and 8-p-galactosyl attached to N-acetyl- 
glucosamine functions as the specific determinant grouping in 
Le* serological reactions. 

The weight of evidence obtained from different laboratories 
and by different techniques therefore indicates that: (i) the 
specificity of the A, B, H and Le* substances resides in the 
carbohydrate portion of the mucopolysaccharide molecules; 
(ii) an «-N-acetylgalactosaminoyl structure is an important 
part of the serologically dominant structure in group A 
substance; (iii) «-p-galactosyl is an important unit in the 
mucopolysaccharide which is responsible for B-specificity; 
(iv) an «-L-fucosyl end-unit is in- 
volved in H-specificity; and (v) 
a branched trisaccharide unit 
containing a non-reducing «-L- 
fucosyl end-unit is probably closely 
similar to—or identical with—the 
determinant group responsible for 
Le*-specificity. There is no evi- 
dence to suggest that the amino- 
acid components are directly 
involved in the specific deter- 
minant structures. The degree of 
agglutination inhibition given by 
even the most active of the 
carbohydrate inhibitors of small 
molecular weight, however, is 
only a fraction of that given by 
the intact blood-group substances. 
This fact, together with the obser- 
vation mentioned earlier that the 
serological activity of the blood- 
group substances can be exten- 
sively, although not completely, 


FIG. 1. TRISACCHARIDE STRUCTURE PROPOSED 
FOR Le?-SPECIFICITY 


H 
H Pa 
Hs CH,OH ‘ 
H OH H o 
OH H re) 
H 
OH H H 
a-L-Fucosyl- 
H NH.CO.CH, 
CH,OH ° 
° Sf -B-D-N-Acetylglucosaminoy!- 
HO 
H 
OH H 
H H 
H H 


B-D-Galactosyl- 


destroyed by the proteolytic enzymes ficin and papain, may 
be taken to indicate that, although it is the carbohydrate 
structures which determine specificity, the orientation and 
structural integration of these specific carbohydrate units 
brought about by the peptide moiety are essential for the 
full serological activity of the mucopolysaccharide molecules. 

Continued at foot of page 113 
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The simplest application of the test is to detect the sensitiza- 


a tion of red cells from patients who are suspected of having an 
antibody directed against their own cells, as in haemolytic 
S disease of the new-born or acquired haemolytic anaemia. A 
€ THE ANTIGLOBULIN RE ACTION sample of the patient’s cells is washed and exposed to suitably 
e prepared antiglobulin serum, and agglutination of the cells 
5 indicates that they are sensitized. This is called the ‘‘direct 
. R. R. A. COOMBS Ph.D. M.R.C.V.S. antiglobulin test”. 
A A further use of the test is in the detection of blood-group 
” FULTON ROBERTS MLD. antigens, or antibodies thereto, by exposing cells to serum 
3 containing blood-group antibodies, and, after allowing time 
“ Department of Pathology for sensitization, washing the cells and applying the anti- 
’) University of Cambridge globulin serum as before. The sensitizing part of this reaction 
it should be conducted in whatever conditions are deemed 
L- : ’ ; a 
iy 1 Preparation of antiglobulin serum — for the blood group system under test; the = 
2 Diagnostic applications globulin reaction occurs rapidly at room temperature. is 
= 3 Routine use é is the “indirect antiglobulin test”. 
or ‘ an rahe aan , Although unknown to Coombs, Mourant & Race in 1945, 
ie MpETENeINa! KUCHS Uemg the reacwon a similar experimental procedure had been described in 1908 
th licat d adaptat : 
0- ee by Moreschi (1908a, 1908b). He showed that red blood cells 
ly References and bacteria, after reacting with an immune serum in a 
-T- strength that alone would not cause agglutination, could be 
of ; . deans : made to agglutinate rapidly if they were washed thoroughly 
by The discovery in 1944 that some Rh antibodies would unite and exposed to a precipitating serum for the species of animal 
he with the specific antigens on the red cell without, however, which furnished the immune serum. The principle and tech- 
all bringing about subsequent agglutination, led to a search for nique of the antiglobulin sensitization test for the purpose of 
Is techniques that would recognize these non-agglutinating or strengthening bacterial and red-cell agglutination were thus 
by “incomplete” antibodies. The antiglobulin sensitization test clearly enunciated in 1908; and, had the existence of incom- 
es. (Coombs, Mourant & Race, 1945a, 1945b) was devised to plete antibodies been generally recognized at that time, the 
I~ meet this need and has, until recent years, been principally method would surely have found its way immediately into 
the applied to the detection of antibodies that sensitize cells routine serological practice. 
od- (usually red blood cells) without agglutinating them. It may 
en- be presumed that cells so sensitized, even after being washed 2 . . 
ly, several times, are still carrying antibody globulin on their 1, Preparation of Antiglobulin Serum 
surface, and this globulin can be recognized by an antiserum For the production of antiglobulin serum for this test it is 
) against globulin prepared in a suitable animal; for Rh tests necessary to use animals of species different from those whose 
an anti-human-globulin serum prepared in rabbits or goats is cells are ultimately to be tested. For anti-human-globulin 
commonly used. sera the animals most commonly used are rabbits or goats, 
BIOCHEMISTRY OF HUMAN BLOOD-GROUP SUBSTANCES 
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but sheep (Stratton, 1956) or chickens (Jankovic¢, Simonovi¢ 
& Lincoln, 1958) have been used. For sera against pig 
globulin, horse globulin or dog globulin, rabbits are satis- 
factory, and goats and horses have been used for the produc- 
tion of anti-rabbit-globulin sera. 

As an antigen for injection, whole human serum, alum- 
precipitated serum, serum globulin or its fractions are satis- 
factory. Antiglobulin sera have been prepared, using 
sensitized cells (Milgrom, Luszczynski & Dubiski, 1956) or 
eluates from sensitized cells (Komninos & Aksoy, 1955). 
-Adjuvants have also been used (Slavin, 1950; Emerson, 
Franklin & Lowell, 1951). The injections may be intravenous, 
intramuscular or intraperitoneal, and Wootton (1950) recom- 
mends a combination of these routes. 

The antisera so prepared may contain, in addition to the 
antiglobulin antibody, antibodies against red-cell antigens of 
the species from which the injected material has been pre- 
pared; these may be removed by absorption with unsensitized 
cells. Some workers expose the diluted serum to heat in an 
attempt to dispose of species agglutinins (Hunter & Thomas, 
1957). It is claimed that with some antiglobulin sera the 
disparity of titre between the antiglobulin antibody and species 
agglutinins is so great that the antisera may be used sufficiently 
dilute to render the species agglutinins inoperative. 


2. Diagnostic Applications 


Based on the assumption, which will be examined later, 
that the test is recognizing non-agglutinating antibody 
globulin attached to the surface of the cells, it has been found 
to be useful, or potentially useful, for the following diagnostic 
purposes: 


i. Detecting human blood-group antigens or incomplete 
antibodies of all blood-group systems. The only limitations 
are that some antibodies, such as those of the Lewis system, 
may be firmly bound to the cell only if sensitization occurs 
in the presence of fresh serum; and that, though incomplete 
anti-A and anti-B are detected when adult or normal infant’s 
cells are used, the reaction is not reliable on cells from 
infants suffering from haemolytic disease of the new-born 
that is due to these antibodies. 

ii. Detecting sensitization of human cells to the antibodies 
of acquired haemolytic anaemia and other warm red-cell 
auto-antibodies (Boorman, Dodd & Loutit, 1946; Dacie, 
1954). 

iii. Detecting blood-group antigens and antibodies in 
species other than man: rabbits (Kellner & Hedal, 1953; 
Heard, 1955; Anderson, 1955); horses and mules (Coombs, 
Crowhurst, Day, Heard, Hinde, Hoogstraten & Parry, 1948; 
Coombs, Gorius & Bessis, 1950; Cronin, 1955); pigs (Saison, 
Goodwin & Coombs, 1955) and dogs (Christian, Ervin & 
Young, 1951). 

iv. Detecting antibodies against platelets in man (Fliickiger, 
Hassig & Koller, 1953, 1954; Nelken & Gurevitch, 1956; 
Jaeger-Draafsel, Wiegman & van Loghem, 1956). Because of 
the tendency to spontaneous clumping exhibited by centri- 
fuged platelets, the standard antiglobulin test is not recom- 
mended for routine use. It was to obviate this complication 
that the mixed antiglobulin test was devised. 

v. Detecting incomplete antibodies in microbial systems: 
Shigella and Salmonella (Morgan & Schiitze, 1946; Stewart & 
McKeever, 1950); Brucella (Wilson & Merrifield, 1951; 
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Cruickshank, 1956); Rickettsia (Coombs & Stoker, 1951). Of 
these it is the detection of Brucella antibodies that has proved 
of greatest practical value. It cannot be said with certainty 
in every case how far the test on microbes is detecting incom- 
plete antibodies or augmenting the effect of weak agglutinins, 

vi. Estimating degree of sensitization. Within certain limits 
the titre of antiglobulin serum varies directly with the strength 
of the sensitizing antibody (Fulton Roberts, 1951), so that 
by using a standard antiglobulin serum the degree of sensitiza- 
tion can be estimated relative to a sensitizing antibody of 
known strength (Wiener & Gordon, 1953). 


3. Routine Use 


For the recognition of incomplete blood-group antibodies 
the tests devised, other than the antiglobulin test, fall broadly 
into two classes: (i) agglutination tests in media other than 
saline, of which a mixture of human plasma and 20% bovine 
albumin (Wiener, Hurst & Sonn-Gordon, 1947) has been 
widely used; and (ii) the application under standard condi- 
tions, to the red cells, or in some instances to the testing serum, 
of certain proteolytic enzymes of which trypsin, ficin and 
papain are commonly used. Each of these techniques has, in 
varying circumstances, certain advantages or disadvantages. 

i. Convenience. For the diagnosis of haemolytic disease of 
the new-born a direct antiglobulin test on the infant’s cells is 
the method of choice. In species other than man it is, at 
present, the only available method except, perhaps, the slide 
test of Goodwin (1957) for piglets. The test is also convenient 
and sure for the diagnosis of acquired haemolytic anaemia 
and its differentiation from the congenital form. For routine 
cross-matching or blood grouping the albumin test (though 
less sure) or the enzyme treatment procedure may be thought 
more convenient. Léw’s one-stage technique using papain is 
particularly simple (Low, 1955). Ficin is dangerous to the 
mucous membranes of persons usingit. The albumin technique 
is tricky at first, but with practice it takes little time. 

ii. Sensitivity. The albumin method may miss some weak 
samples of anti-D and is unreliable for the Kell and Lewis 
systems. Trypsin is good with Rh antibodies and those against 
A, B, P and Lewis but is less reliable for those against M, N, 
S, Kell and Duffy. Ficin is satisfactory with Kell and Kidd, 
but otherwise reacts similarly to trypsin. Papain is also 
satisfactory with Kell (Goldsmith, 1955, reporting only 11 
false positives in 3,370 tests), but does not usually detect 
Duffy or M, N, S antibodies. The antiglobulin test has a 
wider range of sensitivity than any of the alternative pro- 
cedures. With most antibodies it is more sensitive than the 
albumin test and at least as sensitive as enzyme tests; the 
sensitivity of the reaction cannot conveniently be expressed 
in absolute terms because it depends on the strength of the 
antiglobulin serum under review. With some antibodies the 
antiglobulin test is either the best or the only test available, 
e.g., D", s, Fy*, Jk* and Jk”. It is reliable for incomplete anti- 
A or anti-B except where the cells of infants with haemolytic 
disease due to these antibodies are concerned. With this 
exception the failure of the antiglobulin test to detect incom- 
plete antibody is more likely to be explained by some abnor- 
mality of the antigen-antibody union than by any deficiency 
of the reaction of the antiglobulin itself (assuming a satisfac- 
tory antiglobulin serum and a reliable technique are used). 

The antiglobulin reaction may be applied to enzyme-treated 
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cells to increase sensitivity. Most antiglobulin sera include 
antibodies against y- and non-y-globulin components, so that 
the test may be used for antibodies in the y or other globulin 
fractions. The antiglobulin test has so far proved to be the 
most reliable test for detecting the widest range of animal 
blood-group antibodies. Cattle, however, form a notable 
exception. 

iii. False results. Apart from causes already mentioned, 
false results may be due to a prozone in the antiglobulin serum 
if it is used too strong. Prozone phenomena are also encoun- 
tered when the albumin test is used, but not when albumin is 
mixed with serum (Stratton & Dimond, 1955). Silicates in 
colloidal solution and other substances may react with red 
cells in vitro, causing them to adsorb serum protein; such cells 
would be agglutinated by antiglobulin sera, thus giving a false 
positive reaction (Stratton & Renton, 1955). 


4. Inhibition of the Reaction 


There have been a number of attempts to examine the 
specificity of antiglobulin sera. Coombs & Mourant (1947) 
found that the activity of antiglobulin sera against Rh- 
positive cells sensitized with anti-D was neutralized by the 
addition of y-globulin fractions irrespective of whether the 
injected material was whole serum, alum-precipitated serum, 
or serum fractions. 

The inhibition of the reaction by purified y-globulin 
suggested that the sensitizing antibody was in the y-globulin 
component of serum proteins. This was confirmed by Dacie 
(1951) as regards anti-D and the antibody in acquired haemo- 
lytic anaemia; but he found that, when immune anti-A or 
cold auto-antibodies were used to sensitize the cells, the in- 
hibition was not complete with y-globulin. He suggested that 
these latter antibodies may not be exclusively y-globulins. 

Similar work using the inhibition or absorption of anti- 
globulin sera appeared to confirm the view that some sensitiz- 
ing antibodies behaved as pure y-globulins, whereas others 
appeared to have little or no component in the y-globulins 
(Crawford & Mollison, 1951; Renton, 1952; Dacie, 1953). 
The matter was very fully examined by Cutbush, Crawford & 
Mollison (1955) who were able to work with an antiglobulin 
serum that did not react with y-globulin, as well as using other 
antiglobulin sera neutralized with either y-globulin or serum 
from a patient with agammaglobulinaemia. This study con- 
firmed and extended previous observations that sensitizing 
antibodies differ in behaviour, and it was suggested that the 
antibodies which did not behave as y-globulins became firmly 
bound to the cells only in the presence of fresh serum or 
complement. This was also demonstrated by Dacie, Crook- 
ston & Christenson (1957) who believed that the antibodies 
were in fact y-globulins but that the non-y-globulin com- 
ponents were derived from the complement that had been 
adsorbed on to the cell together with the antibody. 

The inhibition of the antiglobulin reaction has also been 
used as a means of determining the species specificity of serum 
samples, when it was considered to have advantages over the 
usual precipitin technique for forensic purposes (Wiener, 
Hyman & Handiman, 1949; Anderson, 1952, 1954; Allison & 
Morton, 1953). And it has been used to confirm that the 
new-born piglet has no serum y-globulin before sucking 
(unpublished data). 

_ An inhibition procedure may also be applied quantitatively 
in the examination of sera of patients with altered levels of 
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globulin as in agammaglobulinaemia (Wiener, 1955). In 
detailed quantitative studies Grubb (1956) found that when 
10-20 agglutinating doses of antiglobulin serum were used, 
he obtained inhibition with as little as 0.1 ug. of y-globulin. 
By this technique the number of D antigen sites on a single 
red cell was estimated by measuring the globulin on fully 
sensitized Rh-positive cells (Grubb, 1955). His approximate 
figure of 2,000, which he regarded as a minimum value, is in 
fair agreement with the figure of 5,500 derived by Boursnell, 
Coombs & Rizk (1953) using isotope-labelled antibody. 

The inhibition technique of the antiglobulin reaction has 
been applied to the detection of antibodies against leucocytes, 
platelets and tissue cells (Steffen, 1954; Moulinier, 1955; 
Rejholec, Donner & Repic-Slechta, 1956; van Loghem, van 
der Hart, Hijmans & Schuit, 1958; Dausset & Brecy, 1958). 
This adaptation of the reaction has been called the ‘“‘anti- 
globulin consumption test”’. 

The basis of the method is exposure of the antiserum under 
investigation to tissue cells or lyophilized tissue homogenate, 
after which the tissue is thoroughly washed, and its capacity 
to reduce the titre of an antiglobulin serum is compared with 
that of another sample of the tissue treated with normal 
serum. A significant reduction compared with the control 
suggests that globulin has been adsorbed on to the tissue. 
The interpretation of the result, however, depends upon 
whether the adsorbed globulin can be shown to have antibody 
properties. 

By this method Steffen (1958) claims to have demonstrated 
serum antibodies to heart tissue in rheumatic diseases, to 
brain tissue in disseminated sclerosis, to liver tissue in liver 
disease and to kidney tissue in nephritis. The globulin 
adsorbed on the tissues could be eluted at 56° C. and was 
specific for the tissue in question. By this means, too, 
Miescher (1955) obtained a positive test with leucocyte nuclei 
after exposure to serum from patients with lupus erythema- 
tosus, evidence in favour of the antibody-like nature of the 
lupus erythematosus (LE) factor. 

An important claim following the use of the antiglobulin 
consumption test is that the Rh(D) antigen is present on 
leucocytes and platelets (Dausset, Colombani & Evelin, 1958; 
Moulinier & Servantie, 1958). The unequivocal confirmation 
of this claim, in the light of failures by other means to demon- 
strate this antigen on leucocytes or platelets, would illustrate 
the great potential sensitivity of the antiglobulin consumption 
test. This sensitivity can be enhanced, in the absence of non- 
specific globulin absorption, by increasing the quantity of 
cells used for adsorption and it would, of course, be diminished, 
perhaps beyond the limits of practicability, if insufficient cells 
were available for study. It is not improbable that this tech- 
nique may find application to the study of antigens within the 
cellular membrane, or even inside the cell. 


5. Experimental Studies Using the Reaction 


The antiglobulin reaction has played a part in investigating 
serological phenomena of more general interest. In studying 
the sensitization of cells, it has been found that the properties 
of sensitization, even to the removal of cells from the circula- 
tion by the spleen and their reactivity to antiglobulin sera, 
could be mimicked by the exposure of cells to certain metallic 
cations (Jandl, 1955; Jandl & Simmons, 1957). In the isotope 
studies of Boursnell et al. (1953) it was shown that red cells 
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could adsorb very considerable quantities of other globulins, 
in addition to antibody globulin, without being rendered 
agglutinable by antiglobulin sera. 

The encountering of a prozone of inhibition when certain 
antiglobulin sera were tested on Rh-positive cells sensitized 
with anti-D raised certain questions of theoretical interest 
(van Loghem, Kresner & Verheul, 1950; Hubinont, 1951; 
Wootton, 1951). The matter was investigated by van Loghem, 
Kresner, Coombs & Fulton Roberts (1950) who washed cells 
that failed to agglutinate because of the prozone phenomenon 
and mixed them with sensitized cells, when agglutination 
resulted promptly. The former cells could also be made to 
agglutinate by the addition of appropriate quantities of 
purified y-globulin. From these experiments it was concluded 
that the prozone of inhibition was not due to the presence of 
incomplete antibodies in the antiglobulin serum, but to an 
excess of agglutinating antibody which rapidly saturated the 
available antigen sites before the second, or “‘cross-linking”’, 
stage of agglutination could take place. 

This view was in part contested by Renton & Hancock 
(1958) who were able to simulate these findings by using a 
mixture of agglutinating and incomplete Rh antisera, which 
resulted in a prozone of inhibition when tested against Rh- 
positive cells. Cells from this prozone, after washing, were 
agglutinated by the addition of more Rh-positive cells. 
Although the explanation of this finding is not certain, Renton 
& Hancock held that it could not be due to an absolute excess 
of agglutinating antibody on the cells. It is, however, possible 
to explain their findings on the basis of a relative excess of 
agglutinating antibody, in the manner proposed by van Log- 
hem and his co-workers. The mixing of incomplete and 
agglutinating antibodies effectively reduces the number of 
antigen sites available for the agglutinating antibody (for 
some of them will be occupied by incomplete antibody) and 
hence a condition of relative excess of agglutinating antibody 
is created. The addition of more agglutinating antibody in 
their experiment disturbs the apparent stability of the system 
in the prozone area, probably by allowing an interchange of 
antibody molecules on the cell and in the serum, thus enabling 
agglutinating antibody molecules to effect cellular cohesion. 

Failure of cells to agglutinate when exposed to specific 
antibody might thus be due to one of three causes: (i) in- 
sufficient agglutinin; (ii) the antibody being in the incom- 
plete form; and (iii) relative excess of agglutinin, causing a 
prozone. Gleeson-White, Heard, Mynors & Coombs (1950) 
encountered a fourth, namely an inherent inagglutinability of 
some cells. The cells of certain oxen could be agglutinated, 
or, in the presence of complement, lysed by Paul-Bunnell 
antibody; but this antibody failed to agglutinate cells of other 
oxen (or did so in much lower titre), though effecting lysis 
freely; nor were the cells of these latter oxen any more 
susceptible to agglutination by antiglobulin sera. 

This matter was pursued by Coombs, Gleeson-White & 
Hall (1951) who suggested that, in the inagglutinable classes 
of cell, the second stage of the agglutination reaction was 
prevented by the antigen sites, although accessible, being 
disposed at some distance from the effective cell surface. 
This difficulty could be overcome by building up alternating 
units of globulin and antiglobulin, washing the cells between 
each stage, until agglutination resulted. The phenomenon 
was therefore considered to be spatial. It was also considered 
that these experiments could not easily be explained without 
recourse to the multivalency theory of antibodies. 
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This technique, called the ‘‘antiglobulin-globulin lattice 
reaction”, though primarily of academic interest, has twice 
been put to experimental use; once to demonstrate a sensitiz- 
ing antibody on the cells of a patient with splenomegaly and 
monocytosis (Miescher & Hollander, 1956). Secondly, 
Wortmann (1952) claimed by its use on pollen grains to have 
demonstrated specific antibodies in the sera of patients with 
hay-fever. 

A phenomenon reported as long ago as 1911 by Bordet & 
Gengou, and called by them ‘“‘co-agglutination”, has been 
encountered in the use of the antiglobulin test. If the un- 
sensitized cells, used as a control for the antiglobulin test, are 
insufficiently washed, the interaction of the remaining globulin 
surrounding the cells with the antiglobulin antibody causes 
a clumping of the cells, giving rise to a false positive result 
(Coombs, Saison & Joysey, 1955). Thorough washing of the 
cells eliminates this. Pig cells were particularly prone to co- 
agglutination, but this was not found with rabbit cells. 


6. Further Applications and Adaptations 


The principle of the antiglobulin reaction may be adapted 
for investigating incomplete or non-precipitating antibodies 
to soluble antigens. For this purpose the antigen is attached 
to a particle or cell surface in such a way that the complex 
will not adsorb globulin non-specifically from a normal 
serum. 

Red cells have been found useful for this purpose, though 
tanned cells carrying the antigen are liable to adsorb globulin 
non-specifically. Many bacterial polysaccharides combine 
with red cells (Keogh, North & Warburton, 1948), and such 
modified red cells may be used to test a serum for antibodies 
to the polysaccharide. It should be possible to demonstrate 
the adsorption of the non-precipitating or non-agglutinating 
antibodies by washing the suspension after exposure to the 
serum and adding an antiglobulin serum so that agglutination 
of the carrier cells or particles may be seen (Haberman, 1955). 

Chemical haptens and even proteins may be coupled directly 
either to red cells by an azo linkage (Pressman, Campbell & 
Pauling, 1942; Stavitsky & Arquilla, 1955), or to a red-cell 
antibody, and subsequently conveyed to the red-cell surface 
by the affinity of the coupled antibody for the red cell. The 
latter procedure forms the basis of the ‘“‘red-cell linked 
antigen reaction” (Britton, Coombs, Mynors & Wild, 1951; 
Coombs, Howard & Mynors, 1953; Britton & Coombs, 1955). 
Using this method, Coombs & Fiset (1954) demonstrated an 
incomplete antibody to ovalbumin in a human serum. 

A further experimental use of the antiglobulin reaction has 
been its adaptation to the fluorescent antibody technique 
introduced by Coons and his colleagues in 1942 (Coons, 
Creech, Jones & Berliner, 1942).1 The latter is a specific 
histochemical staining procedure effected by antibody mole- 
cules labelled with the fluorescent compound fluorescein iso- 
cyanate (Coons, 1956). The conjugated antibody solution is 
exposed to the tissue or cells under study, and these, after 
washing to remove uncombined molecules, can be seen under 
the microscope to fluoresce, thus localizing the corresponding 
antigen. This procedure enables the individual cells containing 
the antigen to be identified. The method is particularly success- 
ful with antigens that are present in the cells in high concen- 
trations. 

The sensitivity of the reaction can be increased by labelling 


2 See also Glynn & Holborow, p. 150 of this number of the Bulletin.—Eb. 
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ANTIGLOBULIN REACTION R. R. A. Coombs & Fulton Roberts 


an antiglobulin serum to detect adsorbed antibody molecules. 
If, for example, the deposition of rabbit antibody is to be 
studied, an anti-rabbit-globulin serum, prepared in goats or 
horses and conjugated with fluorescein isocyanate, may be 
used. 

Fluorescent anti-human-globulin sera have been used by 
Weller & Coons (1954) to reveal varicella and herpes zoster 
viruses in tissue-culture cells, and by Liu & Eaton (1955) to 
demonstrate atypical pneumonia virus in the bronchial 
epithelium of infected chick embryos, despite the fact that no 
visible cytopathic effect of the virus was evident. 

The theoretical and practical considerations governing the 
application of fluorescent antiglobulin reagents in the study 
of tissue antigens and their corresponding iso- or auto- 
antibodies have been discussed by Kaplan (1958) who made 
a careful investigation of ways to overcome non-specific 
staining. The theoretical reasoning that use of the antiglobulin 
technique would increase the sensitivity of the methods has 
been justified empirically (Pressman, Yagi & Hiramoto, 1958). 
In addition, the labelling of an antiglobulin serum has two 
other advantages over the labelling of the specific antiserum. 
First, any damaging effect of the conjugation process is less 
important, as powerful antiglobulin sera may be selected. 
Secondly, a single labelled antiglobulin serum may be used 
for all immune systems to be studied, thus rendering it un- 
necessary to conjugate each antiserum separately. 

Another serological procedure based on the antiglobulin 
reaction and on the mixed agglutination phenomenon 
(Coombs, Bedford & Rouillard, 1956) is the ‘“‘mixed anti- 
globulin reaction”. This was introduced by Coombs, Marks 
& Bedford (1956) in an attempt to demonstrate platelet iso- 
or auto-antibodies in human sera by a method that did not 
depend on a clumping of platelets as the criterion of antibody 
sensitization. Platelets and red cells sensitized with their 
respective iso-antibodies and subsequently washed both have 
human globulin on their surfaces and so should form a mixed 
aggregate in the presence of anti-human-globulin serum. 
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Applying the method to the examination of human sera for 
platelet antibodies, none was found in the nine cases of idio- 
pathic thrombocytopenia available. Since then, unequivocally 
positive results have been obtained with sera from patients 
having had multiple transfusions. 

The method has also been applied to the detection of human 
iso-antibodies reacting with leucocytes and HeLa cells 
(Chalmers, Coombs, Gurner & Dausset, 1959). For these 
tests, living leucocytes, and leucocytes mildly fixed with 
formalin and subsequently stored in glycerol at — 70° C., have 
proved satisfactory. 

The mixed antiglobulin reaction is a sensitive reaction for 
the demonstration of antibody on the cell surface, but it cannot 
detect more deeply situated antigens. Its use is limited by the 
tendency of many cell preparations to absorb globulin non- 
specifically, thus preventing the test from being specific for 
antibody globulin. 

A novel application of the principle for the detection of 
minority erythrocyte populations has been devised by Jones 
& Silver (1958). The minority cell population is sensitized 
with iso-antibody and treated with antiglobulin serum. 
Addition of further sensitized cells allows the formation of 
rosettes around the original minority erythrocyte population. 
The authors claim to be able to detect a minority population 
in a concentration as low as 1: 100,000. 


7. Conclusion 


Although it appeared at first that the antiglobulin reaction 
would serve primarily as a research tool, it has come increas- 
ingly into use in the routine examination of the red cell. Its 
wider application as a routine test for other cells has been 
limited principally by both the laboriousness of its execution 
and the tendency of many cell surfaces to absorb globulin 
non-specifically. Nevertheless, the basic principles of the 
reaction have helped in many investigations on antigens, 
antibodies and their interaction. 
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SCnAUAWN 


Haemolytic disease of the new-born is a condition afflicting 


the foetus or new-born animal which is brought about by 
maternal blood-group antibodies and is primarily manifested 
by an acute haemolytic anaemia, often with jaundice. The 
condition in man has also been called erythroblastosis 
foetalis. It is encountered in practice in man, the horse and 
the pig. In the last species it is of relatively recent origin, but 
in man and the horse recognizable cases of the disease may be 
found in the literature of the seventeenth and eighteenth 
centuries (Fulton Roberts, 1957). 

Though fatal cases of familial neonatal jaundice in which 
the bile ducts were proved patent were recorded by Pearson 
(1799) and Cheyne (1802), yet during the ensuing 80 years 
cases now recognizable as haemolytic disease were described 
under the misleading titles of familial umbilical haemorrhage 
or congenital obliteration of the bile duct. It was Auden in 
1905 who observed the essential anaemic element, von 
Gierke in 1921 who recognized the common basis of the 
several syndromes comprising the disease, Darrow in 1938 
who firmly proposed iso-immunization as a cause, Levine 
& Stetson in 1939 who implicated a foetal blood-group sub- 
stance as the crucial antigen, and Levine, Burnham, Katzin & 
Vogel in 1941 who identified the causative antigen as the Rh 
factor D. 

In the mule-breeding areas of France, Italy and Spain the 
disease in mule foals (first called ‘‘pissement de sang” from 
the haemoglobinuria but later “l’ictére du poulain” from 
the jaundice) was the subject of comment from the time of 
Villa-Roja’s account in 1774. Initially an understanding 
of the condition in foals made more rapid progress than an 
understanding of that in man, for as early as 1842 Carrére 
noted the familial tendency and ascribed the condition to the 
hybrid mating; and in 1861 Chicoli demonstrated that the 
foals were healthy at birth and could be reared successfully 
if fed on cow’s milk for the first three days, after which they 
could safely be returned to the mare. All this was swept away 
by the mania for bacteriology that followed the work of 
Pasteur, and thereafter the search for a microbial agent, and 
its apparent discovery in 1924, wasted the years until 1947 
when Caroli & Bessis showed that blood-group iso-immuni- 
zation was the cause, six years after this point had been 
established for the human form of the disease. 
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1. Rh Iso-Immunization 

Although many of the human blood-group substances 
inherited by the foetus from the father but lacking in the 
mother are capable of immunizing the mother, only the Rh 
antigen D and the blood-group substances A and B are of 
general consequence in the causation of haemolytic disease: 
possibly because D and A are more strongly antigenic than 
are other blood-group substances. The cause of the iso- 
immunization against D is obscure, and it occurs in only 
about 5% of incompatible matings, i.e., Rh-negative mother 
and Rh-positive father. 

Although prima facie one would not suppose the foetal 
cells capable of traversing the barrier separating the circula- 
tions of mother and child, yet there are indications that it is 
the intact red cell which provokes maternal immunization. 
The D substance is thought to be confined to the red cells 
and has been shown to be more antigenic when associated 
with the Rh antigen E, than when with C (Murray, 1957). 
Apart from these two points, which are consistent with the 
view that the immunizing agent is an intact cell, there is also 
a third—that immunization against D is far more common 
when the ABO groups of mother and child are compatible 
than when they are not so. It might be argued that, when the 
invading foetal cells are incompatible for the ABO system, 
they are destroyed by the naturally occurring anti-A or anti-B 
before effectively immunizing the mother against D. This 
argument is strongly supported by the work of Stern, David- 
sohn & Masaitis (1956) who found that when D-negative 
male volunteers were injected with D-positive red cells, 
immunization was much more frequent if the injected red 
cells were ABO-compatible than if they were incompatible. 

None of these points is conclusive nor is yet a fourth 
which is nonetheless powerful, namely the demonstration by 
Chown (1954) that in some circumstances foetal cells can be 
found in the mother’s circulation shortly after parturition. 
This results from haemorrhage from the foetal side of the 
placenta with subsequent absorption of the foetal blood into 
the maternal uterine vessels, possibly aided by mechanical 
pressure during parturition. 

A small foeto-maternal incompatible blood transfusion 
occurring at parturition and resulting from retroplacental 
haemorrhage could thus be postulated as the mechanism of 
maternal iso-immunization against D in man. This would be 
consistent with the sporadic appearance of immunization 
among Rh-negative mothers, and with the observation that 
at least one unaffected child precedes any affected children 
subsequently born to an immunized mother (unless the mother 
had been immunized by incompatible therapeutic blood 
transfusion when nulliparous). 

But if this hypothesis seeks to solve some problems, it 
imposes another. It is common knowledge that, once an 
immunized mother bears an affected child, all her subsequent 
Rh-positive offspring are likewise affected. Whence comes the 
antibody that destroys the later children? Is it provoked 
anew by each pregnancy, and if so, is retroplacental haemor- 
rhage a recurring cause? Can any lesion of the foetal aspect 
of the placenta be expected to recur invariably in certain 
mothers (and not occur at all in others) unless it be genetic? 
Or does the initial antigenic stimulus provoke so great a 
surplus of antibody in the mother’s serum as to suffice to kill 
the next half-dozen infants? It certainly cannot be said that 
with each succeeding pregnancy the disease weakens. 

There is no evidence on these points except, perhaps, the 
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observations of Goodwin & Saison (1957) on the pig. They 
showed that the serum antibody titre in some immunized 
SOWS Was maintained at a high level for a prolonged period in 
the absence of antigenic stimuli and despite the bearing of 
several affected litters (in this species there is no transplacental 
means of immunization). By contrast, in many other sows 
the titre fell rapidly after the antigenic stimulus was with- 
drawn. A constitutional difference of this kind might be 
invoked to explain the continuing morbidity of the disease 
in some families. 


2. ABO Iso-Immunization 


Maternal iso-immunization against the human blood- 
group substances A or B differs profoundly from that against 
the Rh factor D. The naturally occurring anti-A and anti-B 
cause little trouble; they do not seem to reach the foetus easily 
and their effect is usually feeble. On the other hand, the 
so-called immune form of anti-A (anti-A”) readily reaches the 
foetus and is destructive in its effect. It is provoked in the 
mother by specific immunization against A, or by some 
heterogenetic stimuli such as tetanus antiserum injections 
(Crawford, Cutbush, Falconer & Mollison, 1952). Immune 
anti-A differs in certain serological properties from the 
naturally occurring anti-A, but it is in fact a different antibody 
with a different specificity, being directed against an antigen 
common to human and pig cells of group A (Winstanley, 
Konugres & Coombs, 1957). 

The provocation of the immune form of anti-A (or anti-B) 
appears to be more readily achieved in mothers of group O 
than in those of group A or B (Rosenfield, 1955); hence 
group A or B children of group O mothers are more com- 
monly affected than the offspring of mothers of other groups. 

The immunizing stimulus appears to be a transfer of blood- 
group substance in soluble form rather than a foeto-maternal 
transfusion containing red cells (Zuelzer & Kaplan, 1954). 
These authors also suggest that the immunizing stimulus 
occurs during parturition, but it must be remembered that 
haemolytic disease due to anti-A or anti-B may afflict first- 
born children. Non-secretor infants are as liable to the 
disease as are secretors but, if Zuelzer and Kaplan’s hypo- 
thesis is right, one would not expect a non-secretor to be 
responsible for the initial immunization. 


3. Iso-Immunization in Pig and Horse 


Goodwin, Saison & Coombs (1955) were able to show that 
the administration of crystal violet swine-fever vaccine pro- 
vokes the formation of blood-group antibodies in many of 
the vaccinated sows. Two injections sufficed to raise the titre 
to a considerable height. The disease is most frequently 
encountered among the offspring of Essex or Wessex sows 
served by Large White boars (Goodwin & Saison, 1956). 
Indeed the litters of black breeds of sow, whether crossed 
with black or white boars, may be affected but the disease 
is very rare in pure white matings (Goodwin, 1957b). The 
breed distribution of the blood-group antigens may explain 
these facts and it has already been found that two antigens, 
almost universally present in white breeds, are found in the 
one case in only about 50% of black breeds and in the other 
in about 85% (Joysey, Goodwin & Coombs, 1959). A sub- 
stantial number of sows of the black breeds will thus be 
immunized by injection against one or both of the antigens 
practically always present in the commonest breed of stock 
boar. Haemolytic disease in piglets is, therefore, an arti- 


ficially produced condition, and no case so far reported has 
been shown unequivocally to have arisen among the offspring 
of a sow that has not been injected. 

There is some evidence, too, that inoculations may be 
responsible for the disease in the foal (Doll, Richards, 
Wallace & Bryans, 1952) but this explanation cannot account 
for the nineteenth century cases. The mechanism of iso- 
immunization during pregnancy and foaling is not known; 
comparisons with man are complicated by the marked dif- 
ference of placentation between the two species, and, more- 
over, first-born foals are affected more commonly than first- 
born infants. Both Doll et al. (1952) and Cronin (1955) 
noticed, in some circumstances, an increase in the mare’s 
serum antibody titre towards the end of pregnancy; and 
Cronin regarded this sign as pathognomonic of the disease 
in the foal. This evidence may be thought to argue in favour 
of transplacental immunization in the mare, but other 
explanations could be adduced. 


4. Passage of Antibody to the Young 

In man, and in the rabbit—in which the disease can with 
difficulty be induced—the maternal antibody passes to the 
foetus in utero. Its effect may therefore be exerted as soon 
as the embryo has developed antigen-bearing red cells: as 
early as the sixth week of gestation for the D antigen in man 
(Chown, 1955). The effect of the antibody continues through- 
out pregnancy, during which the foetus may achieve some 
adaptation to this environment, and also continues during 
the neonatal period until the antibody is excreted; the half-life 
of the antibody has been estimated at 30 days (Wiener, 1951). 

By contrast, in the horse and pig, and in the dog, another 
species in which the disease has been induced experimentally, 
the antibody does not reach the foetus in utero. The new-born 
animal is healthy at birth and receives the full force of the 
concentrated antibody in the colostrum and milk. During 
the first 36 hours of life the antibody is freely absorbed 
through the gastric and intestinal mucosa; thereafter the 
mucosal permeability rapidly declines. In these species, 
therefore, the onslaught is heavy but brief. 


5. Effect of Antibody on the Young 

In man the antibody destroys foetal red cells, leading to 
intra-uterine anaemia which may be of such severity as to 
kill the child and lead to an oedematous still-birth (hydrops 
foetalis). In less severe cases the foetus adapts itself effec- 
tively to the anaemia by an increase and prolongation of 
extramedullary erythropoiesis, and also succeeds in satis- 
factorily disposing of the broken-down red cells and the 
resultant bile pigment while in utero. Its birth, however, 
which may be premature, imposes a severe strain. The 
anaemia worsens during the first week of life and is poorly 
tolerated at this time because the sudden improvement of 
oxygenation at birth temporarily removes the stimulus of 
anoxia which regulates erythropoiesis (Gairdner, Marks & 
Roscoe, 1952); by the time the bone-marrow again receives 
the call for red cells the haemoglobin may be falling too fast 
for the response to be effective. Hence the infant may die 
soon after birth from anaemic heart failure, or during the 
first week or sometimes later (congenital anaemia of the new- 
born) because the tardy response of the erythropoietic centres 
fails to keep pace with red-cell breakdown. The necropsy 
examination in all these cases affords evidence of excessive 
manufacture as well as destruction of red cells. 
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The factors contributing to the neonatal anaemia of 
haemolytic disease in man are, therefore, the degree of anaemia 
at birth, the amount and potency of maternal antibody in the 
infant’s circulation at birth and the time necessary for its 
excretion, and the speed of the erythropoietic response; 
these factors are complexly interrelated. 


6. Kernicterus 


There is, however, another and greater danger to which 
the infant is exposed. The bilirubin liberated by the excessive 
breakdown of red cells cannot after birth be disposed of by 
the effective mechanism that served in utero, but must be 
conjugated in the liver with glucuronic acid. At birth, and 
particularly in premature infants, the hepatic conjugating 
enzyme, glucuronyl transferase, is not yet developed (Lathe 
& Walker, 1957) and hence bilirubin accumulates in the 
serum. This leads to a pronounced haemolytic jaundice 
(icterus gravis neonatorum), a condition tolerated extremely 
well by infants in all respects save one. The blood-brain 
barrier does not acquire its impermeable character until 
several days after birth, so that at this period of life alone, 
some substances, of which bilirubin is one, may penetrate to 
the brain and depress tissue oxidation by inhibiting cyto- 
chrome c (Day, 1956). The result is a serious neurological 
disturbance that usually kills but always permanently disables 
the infant. 

It should be mentioned that it is not established beyond 
doubt that bilirubin is the only or even the principal agent 
in effecting brain damage. Other pigments resulting from 
normal or disordered haemoglobin breakdown have been 
incriminated and the matter is still being pursued. 

Kernicterus is not specific to haemolytic disease, for some 
premature infants, whose liver enzyme is insufficiently de- 
veloped at birth, accumulate bilirubin in these early days 
when the blood-brain barrier is not yet intact. And their 
situation is worsened by administration of excessive doses of 
some vitamin K preparations which are thought to promote 
red-cell breakdown (Crosse, Meyer & Gerrard, 1955; Bound 
& Telfer, 1956). 

The new-born infant is thus exposed to two dangers, 
haemolytic anaemia and kernicterus, which together com- 


monly reach their most serious development by the fifth day 
of life. 


7. The Disease in Foal and Piglet 


In these species the young are born healthy, and the process 
of blood destruction is initiated almost immediately after 
first sucking. The course of the disease is therefore fre- 
quently acute; so much so that in many cases red cells are 
destroyed more by intravascular haemolysis than by the 
reticulo-endothelial system which is the more probable route 
of disposal of Rh-sensitized red cells in the human infant. 
Consequently haemoglobinuria is a manifestation of the more 
severe cases in these species, and so rapid is the loss of haemo- 
globin that there is little opportunity for its conversion to 
bilirubin; hence jaundice may not be a striking feature of 
severe cases among foals and piglets (Goodwin, 1957a). 

The rate of red-cell breakdown is probably determined by 
the amount and potency of maternal antibody imbibed during 
the first 36 hours. When the antibody is prolific or powerful 
the offspring suffers an acute haemolytic anaemia, with 
haemoglobinuria but commonly without significant jaundice, 
terminating by death during the first 48 hours. In milder 
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cases the fall of haemoglobin is less rapid and jaundice may 
become marked; in some of these cases death occurs about 
the third to fifth day but, in most of those that survive to the 
fifth day, blood regeneration comes to equal or surpass the 
rate of blood loss, so that the animal mends. 

There is, however, another danger to which the foal, and 
more particularly the piglet, is exposed, namely malnutrition. 
These animals must stand to suck and the anaemia induces a 
lassitude that hinders their nourishing themselves. Thus, 
though the anaemia might not prove fatal in some of the less 
acute cases, the malnutrition may destroy the vulnerable 
animal before blood regeneration becomes effective (Goodwin, 
Heard, Hayward & Fulton Roberts, 1956). 

It might be thought that since swine-fever vaccination of 
sows is almost universal in Britain, haemolytic disease would 
be wide spread and severe among piglets. It is interesting 
to consider why this is not so. In the first place the experience 
of Goodwin & Saison (1956), supported by the later evidence 
of Joysey et al. (1959) regarding blood groups, indicates that 
only about half the sow population, namely the Essex and 
Wessex sows lacking the relevant antigens of the Large White 
breed, are likely to produce dangerous blood-group anti- 
bodies following vaccination. And of these a considerable 
number fall into the class whose serum antibody titre rapidly 
declines, so that comparatively few sows maintain for long 
periods the titre of 512 or more which, in the experience of 
Goodwin & Saison (1957), is required to threaten the off- 
spring seriously. Finally, the piglet proves astonishingly 
resistant to severe anaemia and is often active enough to 
nourish itself when the haemoglobin level is no more than 
3 g./100 ml. (Goodwin et al. 1956). 

Kernicterus is not seen in the foal or piglet. 


8. Principles of Treatment 


In the pig the problem is economic. Swine fever would 
prove far more costly to the herd than would haemolytic 
disease, many field cases of the latter being very mild. The 
risk can be much reduced by following the convenient prac- 
tice of vaccinating sows when their litters are weaned, thus 
allowing a relatively long period to elapse between vaccina- 
tion and the subsequent farrowing. Once a sow starts to 
produce litters severely affected with haemolytic disease, it 
should be discarded. 

The problem in thoroughbred horses could be met by 
selecting stallions whose red cells are compatible, but this 
policy requires a more soundly based knowledge of horse 
blood groups than is available at present, and might conflict 
with the interests of the stud. In the mule-breeding industry 
the immunized mares may be served with stallions rather 
than donkeys; such a mating commonly proves compatible 
so that a healthy thoroughbred foal may be reared. If the 
disease is diagnosed antenatally, the foal can be saved by 
removal from the mare at birth, nourishing it on cow’s milk 
or on a foster-mare for the first three days and then returning 
it to its mare, by which time the foal will no longer absorb 
any material quantity of antibody. 

In man every effort should be bent on achieving antenatal 
diagnosis for which all facilities exist. Early diagnosis enables 
the most valuable form of treatment to be made available— 
namely, prompt exchange transfusion with fresh partly- 
packed blood that is compatible with the maternal antibody 
(Mollison, 1956). By this means the circulating blood volume 





of the infant can be reduced (thus relieving the raised venous 
pressure); a large proportion of the noxious agents, bilirubin 
and maternal antibody, can be removed; the infant’s cells, 
which are susceptible to the antibody, can be replaced with 
compatible cells (providing temporarily an adequate oxygen- 
carrying capacity), and the bleeding tendency can be amelior- 
ated by the appropriate factors in the fresh blood. The 
principles of exchange transfusion are similar for the foal 
except that the risk of kernicterus can be ignored (Cronin, 
1953). 

The skilful application of exchange transfusion has proved 
an effective treatment for infants born alive, but much 
discussion has been devoted to the problem of those that 
succumb in utero. It has been held that a proportion of these 
infants might be saved by an early induction of labour fol- 
lowed by prompt, and often repeated, exchange transfusion. 
The difficulty is to recognize in advance which foetuses are 
likely to succumb before birth. 

This is a real dilemma, for indiscriminate early induction 
of labour would remove many infants from an environment 
to which they have become surprisingly well adapted and in 
which bilirubin disposal apparently presents no problems, 
and would expose them in an enfeebled and premature state 
to a prolonged period of artificial treatment and a consider- 
able delay before the liver acquires its bilirubin-conjugating 
capacity. There is a danger too, that the statistical arguments 
on each side may be asked to carry more weight than they can 
bear, for though they indicate the most generally desirable 
lines of treatment they help less in individual assessment. 


REFERENCES 


Armitage, P. & Mollison, P. L. (1953) J. Obstet. Gynaec., Brit. 
Emp. 60, 605 

Auden, G. A. (1905) St Bart’s Hosp. Rep. 41, 139 

Bound, J. P. & Telfer, T. P. (1956) Lancet, 1, 720 


— J. & Bessis, M. (1947) C.R. Acad. Sci., Paris, 22A, 
96 
Carrére, — (1842) J. Vét. Midi, 5, 336 


Cheyne, J. (1802) Essays on the diseases of children, with cases 
and dissections. Essay Il. On the bowel complaints more 
immediately connected with the biliary secretion, and particularly 
of atrophia ablactatorum, or weaning brash, vol. I, p. 10. 
Mundell & Son, Edinburgh; Longman & Rees, London 

Chicoli, N. (1861) G. Med. vet. prat. 10, 84 

Chown, B. (1954) Lancet, 1, 1213 

Chown, B. (1955) Arch. Dis. Childh. 30, 224 

Crawford, H., Cutbush, M., Falconer, H. & Mollison, P. L. 
(1952) Lancet, 2, 219 

Cremer, R. D., Perryman, P. W. & Richards, 
Lancet, 1, 1094 

Cronin, M. T. I. (1953) Vet. Rec. 65, 120 

Cronin, M. T. I. (1955) Vet. Rec. 67, 479 

Crosse, V. M., Meyer, T. C. & Gerrard, J. W. (1955) Arch. Dis. 
Childh. 30, 501 

Darrow, R. R. (1938) Arch. Path. 25, 378 

Davies, B. S., Gerrard, J. & Waterhouse, J. A. H. (1953) Arch. 
Dis. Childh. 28, 466 

Day, R. L. (1956) Pediatrics, Springfield, 17, 925 

Doll, E. R., Richards, M. G., Wallace, M. E. & Bryans, J. T. 
(1952) Cornell Vet. 42, 495 

Gairdner, D., Marks, J. & Roscoe, J. D. (1952) Arch. 
Childh. 27, 128; 214 

Gierke, E. von (1921) Verh. dtsch. path. Ges. 18, 322 

Goodwin, R. F. W. (1957a) Vet. Rec. 69, 505 

Goodwin, R. F. W. (1957b) Vet. Rec. 69, 1290 


D. H. (1958) 


Dis. 


Goodwin, R. F. W., Heard, D. H., Hayward, B. H. G. & Roberts, 


G. Fulton (1956) J. Hyg., Camb. 54, 153 
Goodwin, R. F. W. & Saison, R. (1956) J. comp. Path. 66, 163 
Goodwin, R. F. W. & Saison, R. (1957) J. comp. Path. 67, 126 


HAEMOLYTIC DISEASE OF THE NEW-BORN Fulton Roberts 


122 





The figures of Armitage & Mollison (1953) and a con- 
sideration of the natural history of the disease incline one to 
suppose that most infants are best left undisturbed in utero. 
In trying to assess which foetuses might benefit from early 
induction of birth, probably most assistance can be derived 
from the family history (Davies, Gerrard & Waterhouse, 
1953; Watson, Crosse & Hatchuel, 1954) and this underlines 
the need for more clinical surveys to furnish information 
about the natural history of the disease in a family. Two 
recently devised prognostic aids should also be borne in 
mind; one, already mentioned, is that fathers carrying cDE 
are more likely to have severely affected infants than those 
carrying CDe. The other is that antenatal examination of the 
amniotic fluid may help to indicate the degree of anaemia and 
bilirubinaemia to be expected (Walker, 1957). Another view 
is that the maternal antibody level determines the severity 
of the infant’s disease (Kelsall, Vos & Kirk, 1958). On this 
point, too, confirmatory evidence would be of great value, 
for it may be that the general relationship is disturbed too 
frequently by exceptions for it to serve as a certain criterion. 

A possible contribution to the treatment of kernicterus that 
requires further examination is exposure of the infant to sun- 
light or artificial light in the appropriate range, which has 
been shown to diminish the jaundice and lower the bilirubin- 
aemia (Cremer, Perryman & Richards, 1958). 

Further evidence on these and other matters relating to 
haemolytic disease of the new-born will be found in Mollison 
(1956), Fulton Roberts (1957) and, for kernicterus, Lathe, 
Claireaux & Norman (1958). 
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Although haemolytic disease is not the commonest disease in 
infancy nor even the commonest cause of neonatal death 
(death before the age of one month), it is more common than 
paralytic poliomyelitis and in the past eight years has caused 
four times as many deaths. Moreover, despite the discovery 
of the Rh factor by Landsteiner & Wiener in 1940 and despite 
the publication, since this time, of several hundred articles 
dealing with the condition, the mortality in England and 
Wales, as recorded in the Registrar General’s Statistical 
Review, shows little change over the past 20 years, as shown 
in fig. 1. The increase in mortality shown for the early 1940’s 
is in my opinion attributable to more complete recognition 
of the disease, and the fall since 1951 to the increased use of 
exchange transfusion. This has proved to be the treatment of 
choice for the severe varieties of this disease (Mollison & 
Walker, 1952; Armitage & Mollison, 1953); and in both the 
United States of America and England it has been shown 
that, with this form of treatment, at least 95°%% of live-born 
affected infants can survive (Allen, Diamond & Vaughan, 
1950; Walker & Neligan, 1955). Even now, therefore, the 
mortality is probably more than twice as high as it need be. 
Two hundred infants die needlessly every year (Walker & 
Mollison, 1957). 


1. Causes of Death 


Walker & Mollison (1957) studied the circumstances of all 
deaths attributed to haemolytic disease in England and Wales 
in 1953 and 1955, and arrived at the conclusion that 200 lives 
could probably be saved each year; we considered that late 
diagnosis and failure to perform early and adequate exchange 
transfusion were mainly responsible. Attention was drawn 
to the finding that the fatal cases in the two years were shared 
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among 244 hospitals so that, if distribution had been equal, 
each would have dealt with only 12 cases of haemolytic 
disease each year. As some hospitals deal with many more 
cases than this, it is obvious that the experience of others must 
be very small indeed. 

We believe that this condition lends itself to management 
on a community basis and since 1947 have attempted this in 
our own area. This paper is a description of our experience 
and an assessment of the results. 

The Newcastle Region has a population of a little over 
three million, with about 55,000 births each year. Hospitals 
at Carlisle, Middlesbrough, Sunderland and Newcastle 
provide special facilities for the care of affected infants. 
Forty thousand births occur in Northumberland and Durham, 
and most of those with haemolytic disease are dealt with in 
the Newcastle hospitals. Our personal experience is mainly 
with these, although we have obtained clinical records for all 
affected infants in the two counties. From 1948 to 1957, 1,991 
cases of haemolytic disease were recognized; this represents 
an incidence varying from 2.4 to 7.4 per 1,000 births, but in 
each of the last five years the known incidence has exceeded 
five per 1,000. Sixteen per cent of the infants were still-born; 
thus one can calculate that in Northumberland and Durham 
each year there will be about 250 cases of haemolytic disease, 
40 of the infants being still-born. These figures, applied to 
England and Wales, represent 3,400 live-births and 600 still- 
births each year. 


2. Diagnosis 


Haemolytic disease may occur whenever there is a blood- 
group difference of any kind between a mother and her baby, 
and is therefore possible in practically every pregnancy. 
Probably more than 90% of severe cases occur, however, in 
Rh-positive infants of Rh-negative mothers, but only if the 
mother has developed Rh antibodies. Most cases can there- 
fore be predicted antenatally. 


FIG. 1. MORTALITY FROM HAEMOLYTIC DISEASE OF 
THE NEW-BORN, FROM 1935 TO 1956 
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Top dashed line represents the mortality that could be expected 
if the affected infants were treated only by simple transfusion; 
lower dashed line represents expected mortality when treated by 
exchange transfusion. 





a. Antenatal Prediction 
We have adopted the following plan: 


i. Every mother attending for antenatal care has her Rh 
group determined, if it is not already known. 

ii. All Rh-negative mothers are tested for antibodies 
between the 32nd and the 36th week of each preg- 
nancy, unless the father has meanwhile been shown 
also to be Rh-negative. 


The presence of Rh antibodies indicates that any subsequent 
Rh-positive foetus will be affected. The above plan, however, 
does not enable one to predict haemolytic disease due to rare 
antibodies, although antibody tests are done whenever the 
history is suggestive. But to predict all cases would require 
the testing of every woman in every pregnancy as advocated 
by Drummond (personal communication, 1957). This would 
entail almost double the number of tests. Adequate facilities 
to meet the former plan already exist, for the National Blood 
Transfusion Service alone carries out 450,000 antenatal tests 
each year (National Blood Transfusion Service Statistics 
1948-57). Yet in 1953 and 1955 only 70% of the fatal cases 
in England and Wales were predicted antenatally. We have 
found that failure to predict haemolytic disease is most 
frequently due to failure to carry out the necessary tests, 
for technical errors account for only 2% of the cases not 
predicted. 

We prefer to concentrate antibody tests in one laboratory, 
in our case the Regional Transfusion Centre, for this ensures 
a high standard of technique. Moreover, a central register 
of all cases of haemolytic disease is thus available, and details 
of the family serology can be consulted at the time of delivery. 
The collection of sera suitable for test purposes is also 
facilitated by this system. 


b. Diagnosis in the Infant 


A few additional cases can be recognized shortly after birth 
by testing cord blood from the infants of all Rh-negative 
mothers, even though antibodies have not been demonstrated 
antenatally. A positive direct Coombs test on this is diag- 
nostic, and a bilirubin estimation performed on the serum 
may give some help in predicting the severity of the disease. 

Cases will still remain where the early recognition of 
clinical evidence will first call attention to the diagnosis. 
Thus an important aspect of community management is the 
teaching of diagnostic clinical features to doctors and mid- 
wives. Although haemolytic disease is often seen by anyone 
working in a special centre, it is a condition rare in the 
experience of the family doctor who is likely to see an infant 
affected with this disease only every three or four years. To 
him the minutiae are of no consequence, but to know that 
jaundice in the first 24 hours indicates haemolytic disease and 
that deep jaundice in the first week may indicate haemolytic 
disease should ensure that he overlooks no serious case. The 
importance of early and deep jaundice cannot be over- 
emphasized, and we are prepared to admit to hospital all 
infants showing jaundice in the first day of life since, in the 
exceptional case where haemolytic disease is excluded sero- 
logically, a disease of equal importance is quite likely to be 
recognized. We agree with Valentine (1958) that jaundice in 
the first day is never “physiological’’. 

Deep jaundice may lead to kernicterus and in our experience 
the severity of jaundice is related to the time of onset. In our 
series, when jaundice appeared in the first eight hours of life, 
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it remained mild in only 25% of cases; when the onset was 
between eight and 24 hours, 40° remained mild. Similarly 
the mortality was 28% or 15%, depending on whether 
jaundice appeared in the first eight hours or between eight 
and 24 hours. Finally, of 64 cases of kernicterus, 50% showed 
jaundice in the first eight hours and a further 35 % in the first 
day. The foregoing does not mean that jaundice appearing 
after the first day is of no consequence: of infants showing 
this, 10% developed deep jaundice, and 7% died. In 15% of 
the cases of kernicterus, jaundice did not develop until after 
the first day, the latest time associated with this complication 
being 36 hours. 

Of all fatal cases in England and Wales in 1953 and 1955, 
excluding infants who died in the first day or from causes 
other than haemolytic disease, we calculated that 95% had 
shown jaundice in the first 24 hours of life. It is true, however, 
that some infants who develop jaundice in the first day never 
become deeply jaundiced and, in fact, some never need treat- 
ment. If hepatosplenomegaly, anaemia, bruising or oedema 
are present in addition to jaundice, the diagnosis is more 
certain. Indeed any infant showing all these features must 
have immediate treatment. 

Anaemia developing in the first eight weeks of life, if not 
due to haemorrhage, is probably due to haemolytic disease 
and can be cured by simple transfusion. 

Still-birth from haemolytic disease, because oedema and 
hepatosplenomegaly are outstanding features, is easily 
recognized, particularly by examination of the placenta, as it 
too will be large, pale and oedematous. The recognition of 
hydrops foetalis is important with regard to later pregnancies, 
as special measures may be indicated in their conduct. 

Such simple dogmatic teaching is justified by our observa- 
tion that, in Northumberland and Durham in 1957, 290 cases 
of haemolytic disease were recognized and 97% of the 
affected infants survived. Ninety-one per cent were predicted 
antenatally, 4% were diagnosed because of a positive Coombs 
test on cord blood collected routinely, while the remainder 
were nearly always recognized early on clinical grounds. In 
fact, in 1957 only two infants were admitted who already 
showed evidence of kernicterus. 

Thus can diagnosis be achieved and half the battle won. 


3. Treatment 


Exchange transfusion, repeated if necessary, provides 
almost the complete answer to the treatment of haemolytic 
disease. It will overcome heart failure in those infants severely 
anaemic at birth, prevent deep jaundice and therefore 
kernicterus and forestall the development of late anaemia. 

Exchange transfusion is essential for infants at risk from 
heart failure (5%) or deep jaundice (25%) but, as 40% of 
affected infants will survive without needing any treatment at 
all, one is not justified in advocating exchange transfusion for 
all infants showing a positive direct Coombs test. The other 
30% who develop late anaemia could be treated satisfactorily 
with simple transfusion, but we prefer to use exchange trans- 
fusion for these also, as, provided a correct selection is made, 
follow-up in the first weeks of life is simplified by the know- 
ledge that no accident will occur due to severe anaemia. The 
risk of exchange transfusion in these border-line cases is 
minimal, but the advantage of an occasional follow-up is 
very real when dealing with this disease within a large com- 
munity for, of necessity, many patients will come from long 
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distances. To give the best results, however, exchange trans- 
fusion should be performed shortly after birth, certainly 
before the development of the full clinical picture. 

Mollison & Cutbush (1949) first recognized the value of the 
cord haemoglobin level as an index to the severity of the 
disease, and we have developed criteria based on this and 
other tests on the cord blood, which have proved satisfactory. 
But, if such criteria are to be used, antenatal prediction is 
desirable, and a reliable 24-hour pathological and serological 
service is essential. There are obvious advantages in having 
these services closely associated with the laboratory under- 
taking antenatal tests and with the hospital providing treat- 
ment. 

Whenever antibodies are detected, we suggest delivery in 
a hospital providing special facilities. All relative corres- 
pondence is identified with a special seal, and copies are sent 
to the hospital concerned. Cord blood is collected by the 
doctor or nursing sister at the time of delivery and the 
specimens are sent in a special marked box to the Regional 
Transfusion Centre. 


a. Criteria for Exchange Transfusion 


During the past ten years we have tried to evaluate various 
estimations on cord blood as criteria of severity, and these 
have been described elsewhere (Walker, 1958). We have 
found it possible to assess the severity, using only haemoglobin 
and bilirubin levels. 

Our original criterion for treatment during co-operative 
trials (Mollison & Walker, 1952) was a cord haemoglobin 
value of 14.8 g./100 ml. or less. This was only partly satis- 
factory, as kernicterus was found to occur in infants with 
cord haemoglobin values as high as 17.7 g./100 ml. To have 
adopted this higher value as our sole criterion would have 
meant treating 90% of all affected infants, and as we did not 
consider this justified we developed our present criteria which 
are as follows: 


i. Cord haemoglobin, 14.8 g./100 ml. or less. 
ii. Cord haemoglobin, 14.8-17.7 g./100 ml. if the bili- 
rubin value is 2.8 mg./100 ml. or more. 
iii. Cord bilirubin value of more than 4 mg./100 ml. 
regardless of the haemoglobin level. 


The first two criteria have been used since January 1952 
and the third only since January 1956. The results achieved 
in the Newcastle hospitals during this period are shown in 
Table I. 

As expected, 40% of all cases required no treatment. The 
cord blood criteria proved satisfactory in that almost all 
infants requiring treatment were selected in this way. Of 
those who at birth were considered on this basis not to require 
a transfusion, 30 subsequently needed it, and a further seven 


TABLE I. HAEMOLYTIC DISEASE: TREATMENT AND 
RESULTS IN THE NEWCASTLE HOSPITALS, 1952-57 
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died. Five of these seven deaths were not attributable to 
haemolytic disease: one of the infants was hydropic and died 
within 15 minutes of birth, while the other was responsible 
for the extension of our criteria in 1956. Of the 30 infants 
requiring simple transfusion for relief of anaemia only two 
required this in the first two weeks of life. 

We may have treated a number of infants unnecessarily 
but, in comparison with our earlier experience, this number 
must have been small and justified, for such border-line cases 
are exposed to little danger by the transfusion itself. 

When cord blood values are not available, whatever the 
reason, other criteria for exchange transfusion are required. 
Jaundice in the first eight hours of life not only indicates the 
diagnosis but can also be taken as an indication for exchange 
transfusion if it is increasing rapidly or if it is associated with 
other clinical abnormality. 

Exchange transfusion is also probably indicated if jaundice 
appearing between eight and 24 hours after birth is associated 
with other clinical evidence of severe disease. In such cases 
we have found that an estimate of the infant’s bilirubin is 
helpful: of 403 infants selected for exchange transfusion on 
the basis of cord blood criteria, 94°% at the time of transfusion 
had bilirubin values, expressed in mg./100 ml., that exceeded 
half their age in hours. In fact 65% had values in mg./100 ml. 
exceeding their age in hours and this was the case with 86% 
of very severely affected infants but in only 56% of those less 
severely affected. Consequently we feel that a bilirubin value 
in the first day of life which, in mg./100 ml., exceeds the 
infant’s age in hours, is an absolute indication for exchange 
transfusion; while, if it exceeds half the infant’s age in hours, 
it is also such an indication, provided that supporting clinical 
evidence is also present. 

We consider that the rate of rise of bilirubin is difficult to 
assess accurately over a short period of hours and that the 
delay entailed is not justified. We have taken a bilirubin level 
of 25 mg./100 ml. after the first day as an indication for 
immediate exchange transfusion whether or not earlier treat- 
ment has been carried out. 

The haemoglobin value after birth is of little significance 
unless low as, even in normal infants, there is usually a 
marked rise in the first few hours of life (Gairdner, Marks, 
Roscoe & Brettell, 1958); we have also observed this in 80% 
of infants selected for exchange transfusion in accordance 
with cord blood criteria. Thus many infants had haemoglobin 
values as high as 20 g./100 ml. at the time of transfusion. 
Estimations made on capillary blood are more misleading 
still. 

The reticulocyte level after birth changes but little in the 
first day and knowledge of this will allow only a rough 
assessment of severity; this, in our experience, is not as 
valuable as either bilirubin estimations or clinical assessment. 


b. Technique of Exchange Transfusion 

In the past ten years we have carried out exchange trans- 
fusion in 652 infants: 80% in the first nine hours after birth 
and 6% after the first day. Our aim has usually been to 
exchange 80 ml. per lb. body-weight, and in 90% over 70 ml. 
per lb. has been achieved. In very anaemic infants a smaller 
volume will often suffice, and in 4% of our cases an exchange 
of less than 60 ml. per Ib. has been carried out. We have 
used the umbilical route almost exclusively, the whole pro- 
cedure taking a little over one hour. 


1 1 1b. = 453.59 g.—Ep. 
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We have used bank blood no more than five days old, 
190 ml. of plasma being withdrawn from the bottle immedi- 
ately before transfusion. We have not used heparinized blood 
as recommended by some workers (Valentine, 1958; Kelsall, 
Vos & Kirk, 1958) in an attempt to prevent citrate intoxica- 
tion and we doubt whether the delay and difficulties associated 
with such a policy are justified, for those infants who die 
during the procedure are often the ones so severely affected 
that transfusion has to be carried out within a very short 
time of birth. 

The important technical steps are: to identify the lumen 
of the vein with certainty before proceeding, to dilate this up 
to the skin margin before introducing the catheter, to use a 
catheter of 2 mm. internal bore and to use a syringe with a 
composition plunger—not an all-glass one (Walker & Neligan, 
1955). The amounts of blood injected and withdrawn must 
be measured accurately and the infant’s condition observed 
continuously. If there is cause for worry, the procedure 
should be stopped and the infant replaced in its cot within 
an oxygen tent until it recovers, when the transfusion can be 
completed. The technique for repeated exchange transfusion 
is essentially similar and rarely more difficult. 

Repeated exchange transfusion is sometimes needed. This 
depends partly on initial severity and delay before performing 
exchange transfusion, but is more directly related to pre- 
maturity. In our series it was required in 8% of mature 
infants, in 30% of those weighing 54 Ib. or less, but in 50% 
of those whose birth was induced at 35 weeks’ gestation. 

Table II shows the results in infants treated by exchange 
transfusion, according to the place of birth. 


TABLE Ii. RESULTS IN INFANTS TREATED BY 
EXCHANGE TRANSFUSION 
Place of birth poccenser Deaths® i had 
Special units 557 29 5 
Elsewhere 95 18 19 
Total 652 47 7 


* Includes all deaths, whether attributed to haemolytic disease or 
not, as well as five survivors with clinical evidence of kernicterus. 


Although the technique of exchange transfusion was 
identical for both groups of cases, the mortality was signi- 
ficantly higher in the infants who were not given the benefit 
of delivery in the special unit. This was because the condition 
of some infants deteriorated between delivery and arrival at 
hospital, while some already had brain damage when ad- 
mitted. Yet these figures should have been worse, as a number 
of very severely affected infants died before arrival at hospital 
and therefore are not included. A higher mortality was 
observed in premature infants, and this applied whether they 
were born in a special unit or not, the respective mortality 
rates being 22% and 64% as compared with 3% and 13% for 
mature infants. 

Although 47 deaths occurred in infants treated by exchange 
transfusion, many occurred in the early years before the risks 
of heart failure or the need for repeated exchange transfusion 
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were fully appreciated, while some were from causes other than 
haemolytic disease. Unexplained death during exchange 
transfusion now constitutes one of the main groups of fatali- 
ties in haemolytic disease, but this is chiefly made up of 
small and very severely affected infants. In our series 16 
deaths occurred in this way: ten of these infants weighed 
54 lb. or less, two were hydropic, and all but one were very 
severely affected. 


4. Haemolytic Disease of the New-Born as a Family Problem 


Although haemolytic disease can occur in a first pregnancy 
it is extremely rare (unless due to incompatibility within the 
ABO groups), except where the mother has previously received 
a transfusion or injection of Rh-positive blood. The risk that 
antibodies may develop is about one in 20 in any subsequent 
pregnancy, while failure to develop antibodies in an early 
pregnancy is no reassurance for later ones (Knox & Walker, 
1957). Once antibodies have developed, all subsequent Rh- 
positive infants will be affected to some degree; but if the 
father’s genotype is shown to be heterozygous there is an 
equal chance of a normal Rh-negative infant. 

As the second infant in a family may have haemolytic 
disease, one can argue that special obstetric care is indicated 
for an Rh-negative woman, especially in the first pregnancy, 
perhaps her only normal one. 


a. Prognosis 


If we accept that nearly all infants will survive if born alive, 
the prognosis depends mainly on the likelihood of still-birth. 
Although this risk is 16% in the aggregate, it is not the same 
for all families, and an analysis of our material up to June 
1955 (Walker & Murray, 1956) suggested that it could be 
related to the severity of disease in the preceding infant. Our 
earlier conclusions are supported by an analysis of our recent 
material from July 1955 to December 1957. 

If no previous infant has been affected, the risk of still-birth 
is 8%; but if a previous still-birth due to haemolytic disease 
has occurred, the risk is 70%, rising to 80% if more than one 
pregnancy has ended in this way. Where a previous infant 
has been affected but born alive, the probability of still-birth 
varies: from 2% where the preceding infant had not needed 
treatment, to 20-25 % where treatment had been required, but 
to 50% if the preceding infant had been very severely affected. 

We have been able to confirm the view of Davies and her 
co-workers (Davies, Gerrard & Waterhouse, 1953) that disease 
in the family follows a consistent repetitive pattern, for we 
have found a tendency for severity to increase with successive 
pregnancies. 

It is worth stressing that the first case of haemolytic disease 
in a family may be severe. Also, in a family which has had 
a previous case of kernicterus, the prognosis for any future 
child is no worse than where a preceding child has been 
relatively severely affected. 

As a general rule one should discuss the possibility of 
haemolytic disease only with mothers who have developed 
antibodies. One can then give advice in accordance with the 
previous history; but an optimistic bias is better than leaving 
the family to contemplate tragedy. 


b. The Possibility of Preventing Still-Birth 


From time to time different drugs have been tried in the 
management of haemolytic disease but none has been proved 
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of value (British Medical Journal, 1954). High hopes were 
held for steroid therapy, but this too has been disappointing 
as it does not influence the antibody titre to any great extent 
nor does it prevent still-birth. Our own experience of this 
treatment is limited to five cases, all with bad obstetric 
histories. Prednisone was given in large doses from the 
fourteenth week onwards, but still-birth resulted in every case 
before 28 weeks’ gestation. 

One must therefore rely on premature induction in any 
attempt to prevent still-birth, but the value of this procedure 
is largely determined by the stage of gestation at which still- 
birth occurs. In our series previously published (Walker, 





with the family history, enable a confident prediction of still- 
birth to be made? Will they indicate the time for induction 
in individual cases? Will they allow an accurate forecast of 
the infant’s Rh group in the case of heterozygous fathers? 

These questions remain to be answered, but premature 
induction has nothing to offer families where still-birth occurs 
very early in pregnancy and consequently it is not the final 
answer to the problem of still-birth. 


5. Discussion 


The past 20 years has seen the infant mortality halved 


4 Murray & Russell, 1957b), we found that altogether 40% of (57.68 per 1,000 in 1937 to 23.75 per 1,000 in 1956), essentially 
; still-births occurred before 35 weeks’ gestation; but the pros- because of better methods of treating infective illness. In 
; pect of reaching term was better in families with the more fig. 2 we have shown the pattern of the commoner causes of 
| favourable obstetric history. Thus, where no previous infant infant deaths in this period as recorded in the Registrar 
“ has been affected, 80% of still-births occurred after 35 weeks’ General’s Statistical Review. 

y gestation; whereas this held for 60% if preceded by live- Five common causes now remain and together account for 
f born infants with haemolytic disease; 50% if preceded by one 80% of all infant deaths. There is evidently no simple answer 
a still-birth; but only 30% if preceded by more than one still- to this problem at present, but study of prenatal and obstetric 
” birth. In addition, 10% of foetuses are dead or hydropic factors may in time lead to a solution (Miller, 1957; British 
” although not delivered at this stage. Medical Journal, 1958). 

m Because so many still-births due to haemolytic disease occur The next most common cause of infant mortality is 
, early in pregnancy, the value of premature induction is haemolytic disease but, in contrast to deaths due to other 
limited. Nonetheless we consider that it is clearly indicated causes, enough is already known of the treatment of this 
Ys in families where a previous infant has been still-born or very condition to enable a majority of deaths to be prevented if 

| severely affected and where the father is homozygous (Walker, this knowledge were generally applied. 

Murray & Russell, 1957a). Up to the present time we have Early diagnosis followed by exchange transfusion carried 
| selected 81 such cases for induction, but because of early foetal out promptly and skilfully are all that are required. About 
- death only 36 births have been induced. Thirty-three infants 90°% of cases can readily be predicted before birth while 
nee were born alive and 26 survived, the high neonatal death-rate simple clinical observations will enable most others to be 
— indicating the bad prognosis when haemolytic disease is recognized in the first day of life. 

- associated with prematurity. Even so the results are signi- Exchange transfusion if indicated should be carried out in 
| ficantly better than in a control group left to spontaneous the first few hours of life, as jaundice is more easily prevented 
delivery. It is important that selection of cases for premature than overcome, while in the most severely affected infants 
- induction should be made early in pregnancy so that all immediate treatment is a life-saving measure. Therefore 
th necessary tests can be completed and 

se — oe os = -_ —— — FIG. 2. COMMONER CAUSES OF DEATH IN INFANTS UNDER ONE 
ne However, families with such bad histories YEAR, IN ENGLAND AND WALES, FROM 1938 TO 1956 

ae are the worst risks, as not only is still-birth 
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- substantially increased if he is homozygous unter nite 
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affected infants should be delivered in hospital where full 
“round-the-clock” facilities are available so that no un- 
necessary delay occurs. This implies close liaison between 
laboratory, nursing and medical staff. 

I have described the methods adopted in Northumberland 
and Durham during the past ten years and have presented 
evidence that the best results are achieved in units dealing 
with considerable numbers of cases. Exchange transfusion 
can be a difficult procedure: for example, of the fatal cases in 
England and Wales in 1953 and 1955 in which exchange 
transfusion was attempted, only 13% received an exchange of 
80 ml. per Ib.; in fact 35% received less than 40 ml. per Ib. 

The key then to management of such cases is to teach the 
means of diagnosis, and next to obtain the co-operation of 
family doctors and obstetricians so that they are prepared to 
forgo personal interest and allow cases to be concentrated in 
a limited number of centres where adequate experience can be 
gained. 

New approaches to the problem of deep jaundice have been 
made recently, but there is as yet no convincing evidence that 
exposure to ultra-violet light (Cremer, Perryman & Richards, 
1958; Franklin, 1958) or the administration of glucuronic 
acid (Danoff, Grantz, Boyer & Holt, 1958a, 1958b, 1958c) 
will supersede exchange transfusion. This remains the first 
line of defence and will probably continue to provide the only 
hope for the infant who is desperately ill at birth. 

The problem of still-birth is not solved, and in our opinion 
premature induction is never likely to provide more than half 
the answer. 

Haemolytic disease due to incompatibility within the ABO 
groups is being reported with increasing frequency nowadays 
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and many authorities suggest that it is more common than 
Rh haemolytic disease (Vaughan, 1956; Zuelzer & Cohen, 
1957; Valentine, 1958). All agree, however, that in the great 
majority of cases the disease is but mild and does not require 
treatment. The difficulty is that serological tests, whether 
performed on the mother or baby, are rarely conclusive 
(Reepmaker & van Loghem, 1953) and one has perforce to 
rely on the evaluation of clinical and considerable haemoto- 
logical evidence (Crawford, Cutbush & Mollison, 1953; 
Rosenfield, 1955; Vaughan, 1956). We believe that, together 
with haemolytic disease due to rare blood groups, ABO 
haemolytic disease forms only a small part of the problem 
and that the greatest rewards are to be gained by planning to 
deal effectively with the common Rh(D) iso-immunization, 
leaving the rest to be diagnosed mainly through the occurrence 
of early or severe jaundice. In 1957 we recognized 290 cases 
of haemolytic disease in Northumberland and Durham, but 
only 16 were examples of the ABO variety, while only eight 
of the 627 deaths from haemolytic disease in England and 
Wales in 1953 and 1955 were examples of this variety (Walker 
& Mollison, 1957). 


6. Conclusion 


It has been shown that haemolytic disease of the new-born 
is an important cause of neonatal death, but that with the 
application of existing knowledge death is largely avoidable. 
Unsolved problems remain, but the application of existing 
knowledge will yield valuable results now. The co-operation 
of many colleagues is needed before haemolytic disease of the 
new-born can be tackled on a community basis and we are 
fortunate in having received this in full measure. 


Kelsall, G. A., Vos, G. H. & Kirk, R. L. (1958) Brit. med. J. 2, 
468 


Knox, G. & Walker, W. (1957) Brit. J. prev. soc. Med. 11, 126 

Landsteiner, K. & Wiener, A. S. (1940) Proc. Soc. exp. Biol., 
N.Y. 43, 233 

Miller, F. J. W. (1957) Ann. Paediat. Fenn. 3, 205 

Mollison, P. L. & Cutbush, M. (1949) Brit. med. J. 1, 123 

Mollison, P. L. & Walker, W. (1952) Lancet, 1, 429 

Murray, S. (1957) Brit. J. Haemat. 2, 143 

Keepmaker, J. & Loghem, J. J. van, jr (1953) Vox Sang. 3, 143 

Rosenfield, R. E. (1955) Blood, 10, 17 

Valentine, G. H. (1958) Arch. Dis. Childh. 33, 185 

Vaughan, V. C. (1956) VIII® Congr: Ass. int. Pédiat. Exhibitions 
& Films, p. 25 

Walker, A. H. C. (1957) Brit. med. J. 2, 376 

Walker, W. (1958) Vox Sang. n.s. 3, 225 

Walker, W. & Mollison, P. L. (1957) Lancet, 1, 1309 

Walker, W. & Murray, S. (1956) Brit. med. J. 1, 187 

Walker, W., Murray, S. & Russell, J. K. (1957a) Lancet, 1, 348 

Walker, W., Murray, S. & Russell, J. K. (1957b) J. Obstet. 
Gynaec., Brit. Emp. 64, 573 

Walker, W. & Neligan, G. A. (1955) Brit. med. J. 1, 681 

Zuelzer, W. W. & Cohen, F, (1957) Pediat. Clin. N. Amer. 4, 405 


Brit. med. Bull. \\ Wot, 15 








mn 
he 
le. 
ng 
yn 
he 


6 
a, 


43 


ns 


48 
fet. 


105 





Vol. 15 No. 2 


SOME ASSOCIATIONS BETWEEN 
BLOOD GROUPS AND DISEASE 


J. A. FRASER ROBERTS M.D. D.Sc. F.R.C.P. 


Medical Research Council 
Clinical Genetics Research Unit 


Institute of Child Health 
The Hospital for Sick Children 
Great Ormond Street, London 


1 The reality of some associations between blood groups 
and disease 

Positive findings 

Negative findings 

Subdivisions, and preliminary and conflicting results 

Meaning of the associations 

References 


Uthwh 


It is only during the past five years that really strong evidence 
has been forthcoming that persons belonging to the different 
ABO blood groups differ in their susceptibility to certain 
diseases of adult life. Strong though that evidence now seems 
to be, it has met with a sceptical reception in some quarters. 
Various objections have been set out at length by Manuila 
(1958) in a recent paper. Accordingly, the first part of this 
paper reviews in some detail the nature, and the strength, of 
the evidence for a few selected diseases, doing so more par- 
ticularly in the light of the criticisms that Manuila has so 
conveniently marshalled. 


1. The Reality of some Associations between Blood Groups 
and Disease 


The first disease for which positive findings emerged on a 
scale sufficient to carry fairly general conviction was cancer 
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of the stomach (Aird, Bentall & Fraser Roberts, 1953), but 
the clearest picture of a blood-group association yet obtained 
is that of group O with duodenal ulceration. The results for 
series from ten centres are shown in Table I. It will be seen 
that at every centre the frequency of group O is higher, usually 
markedly higher, in those suffering from duodenal ulcer than 
it is in the controls. Conversely, at every centre A’s are less 
numerous than in the controls. In nine of the ten series B’s 
are also less numerous. AB’s are, of course, relatively few, 
but are reduced at seven centres, the general trend being 
unmistakable. 

A more convenient way of expressing the results, however, 
is to turn each into the incidence of the disease in persons of 
one group relative to the incidence in another group or 
groups. This is done by simple cross-multiplication. For 
example, the London duodenal ulcer series includes 535 O’s 
and 311 A’s, the corresponding figures for the controls being 
4,578 O’s and 4,219 A’s. 


535 x 4,219 
311 4,578 — _ 
We can say, therefore, that in this material the incidence of 
duodenal ulceration in persons of group O is 1.59 as compared 
with an incidence of one in persons of group A. 

Table II repeats the results of Table I in this alternative 
form, the incidences shown being those in group O as compared 
with an incidence of one in the other groups taken collectively. 
The departure from unity is very highly significant at six 
centres, the probability of getting so great a deviation by 
chance varying from one in 100,000 to one in 100 million or 
less. At two centres, Glasgow and Vienna, though the series 
are large the relative incidence is lower, so the probabilities 
lie between one in 100 and one in 1,000. At Manchester and 
in the small Iowa series of negroes the deviations are not 
significant at the 5% level, though the trend is in the same 
direction. 

The question has to be asked, however, whether these 
figures can be taken at their face value. Manuila (1958) makes 
the general point that the limits of chance fluctuations are 


TABLE I. ASSOCIATION OF BLOOD GROUPS WITH INCIDENCE OF DUODENAL ULCERATION 





Percentage frequencies in disease and control series 





Centre Gumus 4 eoedunn Group O Group A Group © Group AS 
Disease Controls Disease Controls Disease Controls Disease Controls 
i. London 10,000 56.6 45.8 32.9 42.2 7.8 8.9 2.7 3.1 
li, Manchester 9,370 53.2 48.4 35.0 40.3 8.7 8.4 3.1 2 
iii, Newcastle 13,572 59.8 48.6 32.6 38.8 6.2 9.7 1.5 23 
iv. Liverpool 15,377 59.6 48.9 29.0 39.1 8.1 9.4 3.3 A 
v. Glasgow 5,898 57.7 539 31.5 32.3 8.8 10.8 2.0 3.0 
vi. Copenhagen 14,304 50.3 40.6 38.4 44.0 8.8 10.9 2.5 4.5 
vil. Oslo 8,292 48.7 37.8 43.2 50.0 5.2 8.2 2.9 4.0 
vill. Vienna 10,000 41.0 36.3 41.3 44.2 11.2 13.4 6.5 6.0 
ix. lowa (whites) 6,313 53.7 45.8 36.3 41.6 7.8 9.0 OF 3.6 
x. lowa (negroes) 6,722 56.1 49.2 25.4 26.5 16.8 20.1 1.7 4.3 


—_—_—_—_———————— 


Total 








Sources of material: i-ix, references given by Roberts (1957); x, Buckwalter, Turner, Raterman, Tidrick & Knowler (1957) 









TABLE Il. DUODENAL ULCERATION: RELATIVE IN- 
CIDENCE IN PERSONS OF GROUP O COMPARED 
WITH INCIDENCE OF ONE IN PERSONS OF 
GROUPS A, B AND AB 





Centre Relative incidence x? P 
London 1.54 39.83 < 10-71 
Manchester 1.21 3.76 >0.05 
Newcastle 1.57 22.75 < 10-5 
Liverpool 1.54 44.26 <i0-* 
Glasgow 1.17 7.51 <0.0! 
Copenhagen 1.48 25.06 < 10-* 
Oslo 1.56 26.77 < l0-6 
Vienna 1.22 9.95 <0.0! 
lowa (whites) 1.37 26.49 < 10-6 
lowa (negroes) 1.32 3.21 > 0.05 

Total 209.59 


greater than is sometimes supposed. These limits are, of 
course, calculable, and the calculations are of the utmost 
simplicity provided that a single comparison is being made. 
Almost without exception the writers who have provided the 
recent data have used perfectly efficient methods. That these 
methods do look after the operations of chance is shown by 
results obtained by the Nuffield Blood Group Centre, at the 
Royal Anthropological Institute, London. Some hundreds of 
thousands of groupings of donors have been analysed for 
Great Britain, and repeated tests made of the agreement 
between successive samples from the same centres. The 
differences turn out to be extremely close to those theoretically 
expected (Kopeé, personal communication, 1958). The per- 
centage figures given as illustrations by Manuila look curiously 
large. This is because he is adopting the highly unusual level 
of conventional significance of one in 10,000 instead of the 
one in 20 or one in 100 commonly chosen. This underlying 
assumption was stated in an earlier paper (Manuila, 1945), 
but is not explained in the paper of 1958. 
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The next point is the possible contribution of technical 
errors. It is unnecessary to expand this further. All the data 
used in the recent analyses come from countries with highly 
developed transfusion and hospital services, and all the tests 
have been carried out in well-equipped laboratories. Any- 
thing more than an exceedingly small proportion of wrong 
ABO groupings is inconceivable; such errors would have 
become known through trouble and accidents on a massive 
scale. Moreover, even if any appreciable proportion of wrong 
groupings could be conceived these would probably be 
distributed at random and merely dilute any association that 
was present. 

A much more important objection is the possibility that 
hospital patients and donor controls might not be drawn 
from entirely corresponding populations. For this reason 
second line controls are very desirable. These can be furnished 
by patients from the same hospitals suffering from other 
diseases found not to show ABO associations. To some extent 
this has already been done at a number of centres. There is 
also the direct comparison of duodenal ulceration with cancer 
of the stomach in patients from the same hospitals. The 
differences are very highly significant. So if, for example, 
there were a tendency at any centre for the control sample to 
be, as compared with the hospital patients, rather too high in 
A, the association with duodenal ulcer would be somewhat 
increased, but the association of A and cancer of the stomach 
would be reduced, and vice versa if the controls were too high 
in O. In any event the only disease associations that can be 
recognized with practicable numbers are those which are 
relatively very large. The differences in frequencies to which 
they lead are of an entirely different order of magnitude from 
any discrepancies between alternative rationally selected con- 
trol samples. Such discrepancies could have no appreciable 
effect on the results. 

Turning to cancer of the stomach, Table III gives the find- 
ings at a number of centres. This time only groups O and A 
are shown, though it may be mentioned in passing that group 
B once again goes with the group in which the incidence of the 


TABLE Ill. ASSOCIATION OF BLOOD GROUPS WITH INCIDENCE OF CANCER OF THE STOMACH 





Number in disease 


Centre 
series series 
i. London 1,437 
ii. Manchester 770 9,370 
iii. Newcastle 10] 
iv. Liverpool 217 
v. Birmingham 100 9,590 
vi. Leeds 217 6,260 
vii. Glasgow 299 5,898 
viii. Basel 704 4,518 
ix. Copenhagen 798 
x. Vienna 1,146 
xi. Milan 678 2,346 
xii. lowa 908 6,313 
xiii. Sydney 483 
Total 7,858 





Sources of material: i-x, xii, xiii, references given by Roberts (1957); for Copenhagen, data from Jordal (1956) are also used; two London 


Number in control 


Percentage frequencies 


Group O Group A 
Disease Controls Disease Controls 
42.4 45.8 46.8 42.2 
44.5 48.4 45.3 40.3 
43.6 48.6 43.6 38.8 
39.2 48.9 44.7 39.1 
37.0 47.5 57.0 42.1 
42.4 47.4 47.9 41.2 
53.2 LS 34.8 32.3 
36.2 41.7 53.1 45.1 
36.2 40.6 51.0 44.0 
36.2 36.3 44.1 44.2 
38.6 42.9 48.2 41.8 
42.2 45.8 45.8 41.6 
47.8 48.9 40.0 38.4 


series combined; xi, Beolchini, Cresseri, De Maria, Morganti, Peruzzotti & Serra (1957) 
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TABLE IV. CANCER OF THE STOMACH: RELATIVE 
INCIDENCE IN PERSONS OF GROUP A COM- 
PARED WITH INCIDENCE OF ONE IN PERSONS 
OF GROUP O 





Centre alone x P 
London 1.20 8.89 <0.01 
Manchester 1.22 6.39 <0.05 
Newcastle 1.25 1.12 >0.05 
Liverpool 1.31 2.75 >0.05 
Birmingham 1.60 4.46 <0.05 
Leeds 1.31 3.52 >0.05 
Glasgow 1.09 0.45 >0.05 
Basel 1.36 12.16 <0.001 
Copenhagen 1.30 10.86 < 0.001 
Vienna 1.00 0.00 >0.05 
Milan 1.28 6.85 <0.01 
lowa 1.20 5.61 <0.05 
Sydney 1.06 0.41 >0.05 

Total 63.47 


disease is low, this time group O. At 12 of the 13 centres, 
the patients show a higher frequency of group A, and the 
frequency of group O is higher in all 13 sets of controls. At 
one centre, Vienna, the figures are practically identical. It 
will be seen, however, that the differences are much smaller 
on the average than in duodenal ulceration. 

Table IV shows the same figures in terms of relative in- 
cidences. The figure for A relative to O is higher at all centres 
except Vienna, but the differences from unity are on the 
average only about half those shown by duodenal ulceration. 
The samples are also smaller on the whole, so these two factors 
lead to quite a different picture in terms of ~?. At two centres, 
Basel and Copenhagen, the probability is just a little less than 
one in 1,000; at two, London and Milan, it is less than one in 
100; at two, Manchester and Iowa, it is less than one in 20; 
but at six centres it fails to attain the 5% level of significance. 

Clearly the evidence from individual centres taken in 
isolation is far from strong and, unless it can be pooled in 
some way, the conclusion must remain doubtful. On this 
point, as on others, Manuila appears misleading. He con- 
siders that the combination of results from different centres, 
with different blood-group frequencies in their populations, 
is inadmissible, being under the impression that what is being 
combined is frequencies of blood groups. He says (Manuila, 
1958): 


. . . the methodology which enabled these authors to combine 
their cases, and which is said to permit other workers to do so, 
is not acceptable to the anthropologist, since it would tend to 
render the control series so highly heterogeneous that, in fact, 
they would represent a purely artificial, unreliable point of 
reference. 


What in fact is being combined is not, of course, blood donors, 
but independent tests of significance, a procedure which is a 
commonplace of everyday statistical work. 

An entirely general method has been given in all editions 
save the earliest of Fisher’s Statistical methods (Section 21.1, 
Fisher, 1941). This takes account only of the probabilities, 
and not of the detailed composition of the data from which 
they are derived, which might be of very different kinds. 
Applying this method to the data on which Table IV is based, 
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it is found that the chance of obtaining the aggregate of 
probabilities observed at the 13 centres is about one in 50,000. 

This general test is, however, making use of only a part of 
the available information. An excellent method, particularly 
appropriate to the data unaer consideration, has been devised 
by Woolf (1955). This leads to an efficient estimate of the 
average relative incidence, which is 1.20. The total 7? of 63.47 
is divided into two parts. The first part, with one degree of 
freedom, tests the significance of the difference of the general 
average from 1.00. It is 48.77, or very nearly seven times its 
standard error, and the probability of obtaining so great a 
deviation by chance is infinitesimal. The second part, a x? 
of 14.70, with 12 degrees of freedom, represents heterogeneity, 
that is, the departures of the individual incidences from the 
general average. The probability is 0.3, so there is no evidence 
that the individual centres are showing anything more than 
chance fluctuations about the general average. 

It should be repeated, perhaps, that this procedure does not 
produce a ‘“‘heterogeneous”’ control series, or an “artificial, 
unreliable point of reference.”? At each centre, quite inde- 
pendently, the question is asked: Is cancer of the stomach 
commoner in persons of group A than in those of group O, 
and by how much? These independent estimates are then 
efficiently combined to give, first, a general estimate, and, 
second, a measure of the departures of the individual centres 
from the general average. 

A final example illustrates evidence which, though far from 
overwhelming—as in duodenal ulcer and cancer of the 
stomach—is nevertheless strong. The published series for 
pernicious anaemia amount to only 1,498 patients altogether. 
The results are summarized in Table V. At two centres, 
London and San Francisco, the excess of group A relative to 
group O is marked, giving quite low probabilities. At Iowa 
the probability just attains the 5% level of significance. 
Sheffield and Glasgow give a moderate, non-significant excess. 
At Oxford, Cambridge and Newcastle the excess is negligible, 
while at Copenhagen there is a small excess of group O. 

The general test mentioned above gives this collection of 
probabilities a combined probability of about one in 500. 
Woolf’s method gives a combined weighted relative incidence 
of 1.26, and the probability of so great a deviation from unity 


TABLE V. PERNICIOUS ANAEMIA: RELATIVE IN- 
CIDENCE IN PERSONS OF GROUP A COMPARED 


WITH INCIDENCE OF ONE IN PERSONS OF 
GROUP O 
Number i 
Centre ae ase P ——— x s 
series alin ves 

London 244 1.63 12.51 0.0004 
Oxford 258 1.09 0.41 0.5 
Cambridge 110 1.01 0.00 _— 
Sheffield 123 1.36 2.35 0.1 
Newcastle 109 1.03 0.02 0.9 
Glasgow 270 1.19 1.55 0.2 
Copenhagen 1 0.98 0.01 0.9 
lowa 158 1.42 357 0.05 
San Francisco 115 1.70 6.96 0.008 

Total 1,498 27.78 


Sources of material: references given by Roberts (1957). Samples 
combined for London and for Glasgow. 
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arising by chance is about one in 16,000. x? for heterogeneity 
is 11 for eight degrees of freedom, corresponding to a prob- 
ability of 0.2. With series of this size, therefore, the wide 
range of variation shown by the centres is only what is to be 
expected owing to the operations of chance. 


2. Positive Findings 


Two associations for which the evidence is overwhelming 
have been mentioned at some length in the preceding section. 
Duodenal ulceration is commoner in persons of group O than 
in those of groups A, B or AB. Even for the AB’s the differ- 
ence is very highly significant. The incidences in groups A, 
B and AB are closely similar. Cancer of the stomach is 
commoner in persons of group A than in those of groups O 
and B, for which the incidences are again closely similar. 
Numbers are as yet insufficient for any conclusion about 
group AB. 

The evidence is also overwhelming for an increased incid- 
ence of gastric ulceration in persons of group O, but the 
relative increase is definitely less than for duodenal ulcer, the 
figure for O as compared with the other groups being about 
1.20. The data are summarized by Fraser Roberts (1957). 
Some qualification is required, however. The classification of 
gastric ulceration is neither clear cut nor generally agreed. It 
may be that there are gastric ulcers, as ordinarily classified, 
which should be considered together with duodenal ulcer, 
while others are different and might show no excess of group 
O. Some interesting attempts have been made at further 
analyses, but all that can be said with confidence at the mo- 
ment is that, taking gastric ulcer as classified by those who have 
published the series, there is a highly significant excess of O. 
Moreover, the series are perfectly homogeneous on the num- 
bers available. Some have been concerned because the figures 
at different centres range from no excess to an excess as great 
as in duodenal ulcer, but this is no more than would be 
expected by chance, and there is no evidence that the series 
are not showing random fluctuations about a general average 
figure of 1.2. 

For pernicious anaemia, as mentioned in the preceding 
section, the evidence for an excess of A is very strong. The 
evidence for an excess of A in diabetes mellitus is fairly strong 
(Fraser Roberts, 1957). 

A particularly interesting association was discovered by 
Clarke, Edwards, Haddock, Howel-Evans, McConnell & 
Sheppard (1956). Duodenal ulceration is commoner in non- 
secretors of group specific substances than in secretors. This 
association is a good deal stronger than the association with 
group O. 

Very recently Helmbold (1958) has produced evidence 
showing that uterine cancers are commoner in women of 
group A than in those of group O. The sample consisted of 
7,115 patients from a number of centres in western Germany. 
The incidence of uterine cancers in group A relative to that in 
group O was 1.15; x? being 21 for one degree of freedom, it 
differs from unity with high significance. A sample of 205 
patients from Milan (Beolchini, Cresseri, De Maria, Morganti, 
Peruzzotti & Serra, 1957) also shows an excess of A. 


3. Negative Findings 


Positive findings of the kind previously described demand 
for their sure recognition numbers to be counted in thousands 
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rather than hundreds. The same is true for negative findings. 
Of course, it can never be asserted that there is no association 
but, as numbers increase, the limits of possible excess of one 
group or another, using any level of probability we choose to 
select, become increasingly narrow. A number of negative 
findings in the sense of fairly narrow limits have been estab- 
lished. Cancers of the lung, breast, and colon and rectum 
fall into this category. If one cares to combine the results for 
these three groups of cancer, the numbers amount to 7,600. 
Incidence in group A is 1.03 relative to group O, x? being no 
more than 1.24 for one degree of freedom (Fraser Roberts, 
1957). Maxwell & Maxwell (1955) found no significant 
association in 2,147 patients suffering from hypertension. A 
number of other results, though on rather smaller numbers, 
show no evidence of ABO associations. 

Reasonably large samples of Rhesus groupings (positive 
and negative only) are available for some diseases—for 
example, peptic ulcer and cancers of the lung, breast, and 
colon and rectum (Aird, Bentall, Mehigan & Fraser Roberts, 
1954)—but so far no clear indication of any disease associa- 
tion has emerged. 


4. Subdivisions, and Preliminary and Conflicting Results 


When associations have been proved to exist, it is clearly of 
much interest to see whether differences are revealed on sub- 
division by sex, age and, more particularly, type, course and 
site of the disease. The difficulty so far has lain in securing 
adequate numbers, and little has emerged up to the present 
that can be regarded as more than suggestive and as an in- 
dication for further work. There are some interesting findings 
on the site of the tumour in relation to cancer of the stomach 
(Balme & Jennings, 1957; Billington, 1956). There probably 
is variation, but numbers are small as yet and the results at 
different centres are in at least partial disagreement. 

One finding, however, is outstanding. Brown, Melrose & 
Wallace (1956) found that stomal or anastomotic ulcers are 
particularly common in persons of group O, the incidence 
being almost double that in group A. Doll (personal com- 
munication, 1958) has now obtained just the same result on 
a considerably larger series. Stomal ulcers represent the most 
extreme form of the ulcer diathesis, so this seems to be a 
pointer to a true causal connexion. 

Some positive results may be emerging for a few other 
diseases. For example, Aird, Lee & Fraser Roberts (1959) 
have found a moderately significant excess of group A in 
cancer of the pancreas in a series of 600 patients. This cannot 
be regarded as more than an indication for further work, but 
is interesting because it relates to yet another disease associ- 
ated with the upper part of the gastrointestinal tract. 

Some results are definitely conflicting. For example, 
Struthers (1951) found at Glasgow a very large and highly 
significant excess of group A in infants with broncho- 
pneumonia coming to post-mortem. Carter & Heslop (1957), 
on the other hand, found no excess in a London series of 
similar size. Mayr, Diamond, Levine & Mayr (1956) found 
a very large excess of group O in patients suffering from 
chromophobe adenoma of the pituitary. A subsequent series 
(Damon, 1957) showed a much smaller excess, while Aird 
et al. (1959) found no excess at all in a larger series from 
Great Britain. The discrepancies for both diseases are too 
large to be accounted for by chance. It would be unfortunate, 
however, if negative results were to be preferred—simply 
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because they are negative—to those which are positive. It 
may well be there is still a phenomenon to investigate. It is 
difficult to think of reasons for a large and highly significant 
association at one centre and no association at all at another 
or others, the differences being beyond the limits which could 
reasonably be ascribed to chance. Nevertheless, if the work 
is pursued it may be found that the differences are real, and 
if so a problem of much interest would arise. 

It is because of such discrepancies as these that one par- 
ticularly striking finding has been relegated for the time being, 
though perhaps unfairly, to this section. Cameron (1958) 
found 206 who were group A and 100 who were group O 
amongst patients with salivary gland tumours against 1,906 
who were group A and 3,177 who were group O in the 
corresponding Glasgow controls. Highly significant though 
this difference is, it is desirable to await results from other 
centres just in case there should once again be a puzzling 
discrepancy. 

A final point should be emphasized. It is doing a poor 
service to the subject to mix up results for different diseases 
based respectively on large and very small numbers, to mix up 
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infinitesimal probabilities with those that are border-line, and 
conflicting results with those that are established. A few 
blood-group and disease associations certainly exist. It is, 
therefore, a possibility to be explored in a philosophical spirit 
with other diseases; time and numbers will bring enlighten- 
ment. 


5. Meaning of the Associations 


Space does not permit an elaboration of this theme; but in 
fact there is little to say at present. It seems highly unlikely 
that the proved associations are merely secondary to racial 
or other stratifications in the population. They are too large 
and too wide spread. The upper part of the gastrointestinal 
tract is too definitely implicated. For one association—non- 
secretion and duodenal ulcer—stratification has been dis- 
proved, for the subjects who are non-secretors are more sus- 
ceptible than their sibs who are secretors (Clarke et ai. 1956). 
If then the associations are real, in the sense of being primary, 
interesting and important possibilities present themselves; 
but, as yet, their investigation has hardly begun. 


Clarke, C. A., Edwards, J. W., Haddock, D. R. W., Howel- 
Evans, A. W., McConnell, R. B. & Sheppard, P. M. (1956) 
Brit. med. J. 2, 725 

Damon, A. (1957) Science, 126, 452 

Fisher, R. A. (1941) Statistical methods for research workers, 8th 
ed. Oliver & Boyd, Edinburgh 

Helmbold, W. (1958) Seventh Congress of the International 
Society of Blood Transfusion, Rome, 3-6 September, 1958, 
p. 34 [Abstract] 

Jordal, K. E. (1956) Acta Med. leg. soc. 9, 195 

Manuila, A. (1945) Arch. suisses Anthrop. gén. 11, Annexe 

Manuila, A. (1958) J. Amer. med. Ass. 167, 2047 

Maxwell, R. D. H. & Maxwell, K. N. (1955) Brit. med. J. 2, 179 

Mayr, E., Diamond, L. K., Levine, R. P. & Mayr, M. (1956) 
Science, 124, 932 

Roberts, J. A. Fraser (1957) Brit. J. prev. soc. Med. 11, 107 

Struthers, D. (1951) Brit. J. soc. Med. 5, 223 

Woolf, B. (1955) Ann. hum. Genet. 19, 251 





BLOOD GROUPS AND NATURAL 
SELECTION 


P. M. SHEPPARD M.A. D.Phil. 


Department of Zoology 
University of Liverpool 


Polymorphism 
Direct evidence of selection acting on the blood groups 
a Haemolytic disease of the new-born (erythroblas- 
tosis foetalis) caused by Rh incompatibility 
b Haemolytic disease of the new-born and the ABO 
blood groups 
c Selection favouring the heterozygote 
d The ABO blood groups and diseases other than 
haemolytic disease 
3 Indirect evidence of selection 
a Gene-frequency distributions 
5 Selection on the ABO system 
4 Conclusions 
References 


Nu— 


One hundred years ago Darwin & Wallace (1858) put forward 
their hypothesis of evolution by natural selection. It seems 
appropriate, therefore, in this symposium on blood groups, 
to consider the role of natural selection in the maintenance of 
blood-group diversity. Ford (1956) has defined polymorphism 
as “the occurrence together in the same habitat of two or 
more discontinuous forms of a species in such proportions 
that the rarest of them cannot be maintained merely by 
recurrent mutation”. Most of the known blood-group 
systems fulfil the conditions of this definition with the possible 
exception of the last requirement, namely the method by 
which the diversity is maintained. It is the factors determining 
the frequencies of the blood-group antigens within populations 
that I shall consider in this paper. 

Unfortunately the role of selection in man has not been 
investigated nor is it understood as thoroughly as it is in 
several other animals and plants, despite the fact that we 
know more about the causes of infertility and death in man 
than in any other organism. It will, therefore, be necessary 
to discuss polymorphism in general before considering the 
blood groups in particular. 


1. Polymorphism 


Darwin (1872) discussed polymorphism but did not decide 
whether the forms involved were selectively neutral or not; 
nor could he, or anyone else, have fully understood poly- 
morphism until a mathematical analysis had shown how two 
or more forms can be retained indefinitely in a population by 
the action of natural selection. It was Fisher (1930) who 


showed that genes having large effects could seldom be 
neutral for any appreciable length of time, and demonstrated 
that “polymorphism” could not normally be maintained by 
mutation alone. He concluded, therefore, that it must result 
from the action of selection and showed that two allelomorphs 
could be maintained indefinitely in a population if the 
heterozygote were at a selective advantage to both homo- 


BLOOD GROUPS AND NATURAL SELECTION P. M. Sheppard 






zygotes (there are other circumstances which can also 
maintain a stable polymorphism (Fisher, 1930; Levine, 1953; 
Cain & Sheppard, 1954; Kimura, 1956; Lewontin, 1953)). 
Wright (1931, 1948) demonstrated that, in a population of 
finite size, gene frequencies can change without the aid of 
natural selection since, by chance alone, some individuals wil] 
contribute more progeny to the next generation than will 


others. Moreover, the smaller the population the more 
important will be such random changes in gene frequencies— 
or “genetic drift”, as they are called. Consequently, according 
to Wright, a polymorphism can be produced, at least 
temporarily, in a small population by drift alone and, if the 
population is small enough, a gene can become commoner 
even if it is at a selective disadvantage. It follows, therefore, 
that not only can polymorphisms be evolved in the absence of 
selection but that, even where selection is maintaining them, 
differences between populations can develop as a result of 
genetic drift. Thus variation between populations could be 
due to selection, to drift or to a combination of both. It is 
necessary to know the values of such parameters as the size 
of the breeding population, immigration and emigration 
rates, mutation rates and the intensity of selection in order 
to evaluate, in any one instance, the relative contribution of 
drift and selection to the evolution of differences between 
populations. 

The values of these parameters are seldom known and, in 
consequence, time and time again people have ascribed the 
presence of a polymorphism to drift alone, simply on the 
grounds that they personally could not see any advantage or 
disadvantage which could be associated with the characters 
concerned. Thus polymorphic characters such as chromosome 
inversions in Drosophila and Chironomus, and colour and 
banding patterns in Cepaea, have been adjudged neutral in 
survival value, despite the fact that subsequent investigations 
have shown that immensely powerful selective forces are 
acting (Dobzhansky, 1951; Acton, 1957; Cain & Sheppard, 
1954). Even polymorphism for thalassaemia and the sickle- 
cell trait have been ascribed to the action of drift, or mutation, 
despite the known great disadvantage of the rarer homozygote 
in each instance. In fact, it has now been proved that the 
sickle-cell trait is maintained as a polymorphism by the 
advantage of the heterozygotes (Allison, 1956). In view of 
these frequent errors of judgement, it is not surprising that, 
with a few notable exceptions, particularly Fisher and Ford, 
it has long been held that many of the blood groups, especially 
A, B and O, are neutral in survival value (their frequencies 
are not affected by selection). 


2. Direct Evidence of Selection Acting on the Blood Groups 


a. Haemolytic Disease of the New-Born (Erythroblastosis 
Foetalis) Caused by Rh Incompatibility 


The first direct demonstration of selection acting on the 
blood groups came when Levine, Katzin & Burnham (1941) 
showed that erythroblastosis could be caused by incom- 
patibility between maternal and foetal Rh blood groups. 
Anti-D is the usual antibody involved, but since that time 
anti-C, anti-C’, anti-C*, anti-c, anti-E, anti-E” and anti-¢ 
of the same system have been shown to be implicated on 
occasions. Of the other systems, Kell (anti-K) has been the 
cause of severe erythroblastosis on many occasions, and much 
more rarely MNSs, Duffy, Kidd, Lewis and Diego have been 
shown to be responsible for the disease. Although selection is 
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acting on all these systems, it is only on Rh (and possibly 
Kell and Diego) that the effects are marked. Among Euro- 
peans about one child in 150 will suffer from erythroblastosis, 
the exact proportion depending on, among other things, the 
frequency of Rh-negative women and of the ABO phenotypes 
(see section 2b). Not all the Rh chromosomes carrying D are 
equally likely to cause this condition (see Race & Sanger, 
1958), children of the combination cDE/cde! being more 
prone to Rh disease and also more severely affected than 
those who are CDe/cde.? It is certain that more differences of 
this kind will be found and not unlikely that there will also 
be discovered differences caused by the genotype of the 
mother, since there is no theoretical reason why, for example, 
a cdE/cdE, a cdE/cde and a cde/cde mother should all react 
in the same way to an Rh-positive foetus. Moreover, it may 
well be that a cde/cde mother of one race does not react in 
the same way as a similar mother of a different race owing to 
differences in the rest of her gene complex. Such a situation, 
if confirmed, would demonstrate variation in selection from 
area to area. 

All selection similar to that caused by Rh incompatibility 
will tend to eliminate whichever is the rarer allelomorph, 
provided that no other type of selection is acting. Thus in 
man, with the possible exception of some Basque and Berber 
populations, d should be at a disadvantage and be in the 
process of being eliminated. The polymorphism therefore 
seems to be unstable and it is difficult to see how it could have 
been evolved in the first place. Three main hypotheses have 
been put forward to account for the evolution of the Rh 
polymorphism. 

Firstly, Haldane (1942) has suggested that in a small 
population the frequency of d could have increased by 
genetic drift and thereafter spread by selection until there 
was one race with a high d frequency and another high in D. 
Subsequent race mixture would then account for the high 
frequency of d in western Europe, especially as a high d race 
exists even today (Basques and Berbers). Spencer (1947) has 
used the same argument to explain an increase in d but has 
invoked a special case of drift. He relies on the “founder 
principle” (Mayr, 1954), stating that if an uninhabited area 
were colonized by very few individuals they might be high in 
d by chance alone and consequently so would the populations 
descended from them. These hypotheses cannot be accepted 
as they stand, for, if several ‘“‘races’’ with a high d frequency 
had evolved, one would expect changes of the gene’s frequency 
to be much less regular from area to area than they are found 
to be (see Mourant, 1954). However, if one postulates only 
one such population it must have been relatively very large 
indeed to account for the moderate frequency of d, not only 
in Europe, but also in Africa and India, and the lower 
frequencies in other areas of Asia. Moreover, the race 
admixture must have occurred sufficiently long ago for 
natural selection for morphological characters, such as skin 
and eye colour, hair form, and body and nose shape, to 
mention only a few, to have obscured most of the conse- 
quences of the considerable gene exchange which would be 
required by the hypothesis. Furthermore this amount of 
gene exchange is difficult to reconcile with the frequency 





* Blood-group notation as applied to genes is quite inconsistent from system to 
system and is not in accord with genetic usage. This leads to ambiguities on 
occasion and it is therefore highly desirable that a uniform and consistent notation 
such as that suggested by Ford (1955) should be adopted. I have not used his 
— for the Rh system to avoid any difficulty to those who are unfamiliar 

ith it. 


* See also Walker, p. 123 of this number of the Bulletin —Ep. 
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distributions of other human polymorphic systems, including 
some of the blood groups (particularly blood group B), 
unless one also postulates strong selective forces acting upon 
them. Finally, if the admixture had occurred at this early 
date, one would have expected d frequencies either lower or 
higher than they are in Europe today, as the result of long- 
continued natural selection. 

Secondly, Fisher (see Race & Sanger, 1950) suggested that 
there might be a compensation effect in families producing 
erythroblastotic infants. He postulated that mothers who 
lost children at or before birth might make greater efforts to 
have children and in the end produce more living offspring 
than in normal families. Fisher showed that such compensa- 
tion could result in selection increasing the frequency of d. 
Lewontin (1953) has shown that with “‘normal”’ recessive and 
dominant characters compensation could lead to a stable 
polymorphism. However, Li (1953) demonstrated that an 
Rh polymorphism controlled by compensation is not stable 
under constant conditions and that d will be at a disadvantage 
until it reaches a critical frequency which is dependent on the 
magnitude of the compensation effects and that above this 
frequency it will be advantageous and replace D. Glass (1950) 
found the postulated compensation (previously found in 
families with acholuric jaundice by Race in 1942) in a group 
of American whites, but not in American negroes, where 
contraception is less widely practised. The estimates of the 
compensation effect and d frequency suggest that in the 
American white population this allelomorph is increasing 
but that it is decreasing in the negro community. 

There is just a possibility that an effect analogous to 
compensation could occur in a very primitive population. 
Lack (1954) has demonstrated that in birds the largest 
clutches do not usually give rise to the largest number of 
fully fledged young, because the parents cannot feed the 
offspring adequately and consequently they are weakened by 
starvation. The same is probably true for many mammals, 
particularly when the mother’s milk production is reduced 
by starvation. In a very primitive human society in which the 
family is hunting or food gathering as a group, a reduction in 
the number of young children, as a result of erythroblastosis, 
might well increase the mean number of children reaching 
maturity, under famine conditions, above that of larger 
families. This type of compensation would vanish in more 
advanced cultures in which the community takes over the 
feeding of the children under famine conditions. 

Thirdly, it has been suggested that the heterozygotes may 
have some advantage with respect to viability or fertility 
which outweighs the disadvantage of the rarer allelomorph 
caused by haemolytic disease. This is the only reasonable 
hypothesis to account for the polymorphism, if we reject 
drift as the agent initially increasing the frequency of d, since 
compensation cannot increase the frequency of a gene until 
it has been raised above the critical value (see above). Such 
an advantage need only be quite small, and might not be 
detected, particularly if compensation were operating. An 
advantage of some heterozygotes for genes controlling a 
blood-group system is known in chickens and suggested by 
data for man and rabbits (see section 2c). 


b. Haemolytic Disease of the New-Born and the ABO 
Blood Groups 
Although the ABO system has been studied for longer than 
any other, we still have a very incomplete knowledge about 
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how it is affected by selection. There is no doubt that ABO- 
incompatibility between mother and foetus can cause haemo- 
lytic disease of the new-born and is often responsible for 
so-called physiological jaundice (Rosenfield, 1955; Wiener, 
Wexler & Hurst, 1949). There is a great excess of O-group 
mothers in such cases; this suggests that the disease is more 
likely to develop in a group O mother carrying a foetus whose 
ABO group is incompatible with her own, rather than in a 
woman who is either group A or group B. The ABO group 
of a foetus cannot be incompatible with that of its mother if 
she be group AB, since she has neither anti-A nor anti-B in 
her serum and therefore can be “transfused” repeatedly with 
blood of any ABO type. The evidence produced by Smith 
(1945) and Levine, Vogel & Rosenfield (1953) also indicates 
that an affected foetus is nearly always a secretor of ABH 
substances. This is consistent with the view that it is the 
antigens in the watery secretions and not those on the 
erythrocytes which immunize the mother (see also below). 
Thus, selection will be affecting, not only the ABO blood 
groups, but also the secretor character, although by how 
much we cannot judge from the present data. 

Besides the direct clinical evidence there is also a mass of 
controversial data on selection due to ABO-incompatibility 
between mother and foetus. Thus several investigators have 
claimed to have demonstrated differences in the proportions 
of A and O children from marriages in which the mother was 
O and the father A, as compared with those in which the 
mother was A and the father O (see Race & Sanger, 1950; 
Reed, 1956). Such claims, if substantiated, would demonstrate 
beyond doubt a very high elimination rate of incompatible 
foetuses. Similar investigations have apparently revealed 
differences in fertility and the frequency of miscarriages 
between such reciprocal matings, as well as in the survival 
value of AB relative to A, B and O individuals. Still other 
studies suggest that the sex ratio among offspring may be 
affected by the similarity or dissimilarity of the blood group 
of mother and foetus. Edwards (1957) has reviewed the 
papers by Waterhouse & Hogben (1947); Bryce, Jakobowicz, 
McArthur & Penrose (1950); Kirk, Kirk & Stenhouse (1953); 
Johnstone (1954a); Kirk, Shield, Stenhouse, Bryce & 
Jakobowicz (1955); Matsunaga (1953, 1955) and Matsunaga 
& Itoh (1953) on the effects of ABO-incompatibility between 
mother and foetus on fertility: and by Sanghvi (1951); 
Johnstone (1954b) and Cohen & Glass (1956) on sex ratio. 
He suggests that blood-grouping errors (10% of AB people 
classified as B in two series) and illegitimacy (5% in one 
series) are so common as to invalidate previous analyses. He 
concludes, therefore, “*. . . that there has not yet been any 
satisfactory demonstration at the statistical level of any 
differences in fertility or sex-ratio primarily related to the 
ABO blood groups. The apparent absence of any statistical 
evidence is probably quite compatible with differences in 
fertility sufficient to maintain the variation in the ABO 
phenotypes”. Since then, Reed & Kelly (1958), reporting on 
the subsequent reproductive performance of 161 couples 
chosen before marriage, found no statistical associations of 
fertility with blood group, although still-births were about 
three times commoner in ABO-incompatible matings (when 
the husband could not give the wife blood because she 
produced A or B antibodies against it). Matsunaga & Itoh 
(1958) found differences between compatible and incom- 
patible matings with respect to the number of abortions in 
relation to pregnancies, the proportion of childless couples 
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and the mean number of living children. They estimate that 
there must be approximately a 21% elimination of incom. 
patible foetuses. However, their conclusions could be proved 
only by an examination of the blood groups of the children, 
and this was apparently not done. They also suggest that 
group O males are less fertile than males of other groups in 
compatible matings. It is of interest that the extensive family 
data given by Linnet-Jepsen, Galatius-Jensen & Hauge (1958), 
although not showing any detectable decrease in the number 
of children incompatible with their mother on the ABO 
system, show an excess of compatible matings (44 Od x AQ 
to 20 Ag x OP and 12 Of x BO to 7 BS x O9). Since the 
data are said to be unselected except that each couple had at 
least one child, the deficiency of incompatible matings may 
mean that they are more often sterile. Bennett & Walker 
(1956) did not find any evidence for an effect of ABO- 
incompatibility in the data they collected from the families of 
blood donors. Osborne & De George (1957), from a study 
of young dizygotic twins, concluded that there was an excess 
of twins alike in ABO blood group in both the white and 
negro data, but that the excess was smaller in adult twins 
(Race & Sanger, 1958, have found no such excess in their 
studies of twins). The excess was mainly in the class in which 
both twins were O, and the difference between juveniles and 
adults could be explained by an increased death-rate in 0 
children similar to that suggested by Bennett and Walker’s 
data. The excess of concordant twins, if real and not due to 
chance, might well be caused by a higher elimination rate of 
incompatible foetuses since, if the mother were O, any 
potential twin pair which was O and A would not be included 
in the twin data if an A foetus were lost. 

McNeil, Trentleman, Fullmer, Kreutzer & Orlob (1957) 
have given data suggesting that there is a higher proportion of 
aberrant secretors (people secreting abnormal ratios of the A, 
B and H substances) in families with a high abortion rate than 
in other families. However, the aberrant secretor character is 
as yet ill defined, so that interpretation of the results is 
difficult. 

The ABO system interacts with Rh as well as with secretor, 
as was demonstrated by Levine (1943, 1958). There is the 
strongest evidence that an Rh-positive foetus, which is also 
incompatible on the ABO system with its Rh-negative mother, 
is far less likely to sensitize her against Rh than is an ABO- 
compatible foetus. In Liverpool (Clarke, Finn, McConnell & 
Sheppard, 1958) the sensitizing foetus was ascertained in 13 
ABO-incompatible matings and in every instance it was 


compatible with the mother on the ABO system (P<0.01). | 


Moreover, in the remaining eight ABO-incompatible matings, 
where the sensitizing foetus was not known for certain, at 
least one ABO-compatible child was born before any children 
suffering from Rh haemolytic disease were produced. Our 
data are consistent with the hypothesis that a foetus whose 
ABO group is incompatible with that of its mother will 
not cause her to form Rh antibodies. However, Nevanlinna 
& Vainio (1956) give data suggesting that protection is not 
complete. After sensitization has once occurred, incompati- 
bility of the ABO blood groups affords no marked protection 
against Rh-antibody formation by the mother in subsequent 
pregnancies. The mechanism of this protection is not known 
for certain, but it has been suggested that any red cells incom- 
patible with the mother for A or B, whichenter her blood stream 
from the foetus, tend to be destroyed by anti-A or anti-B before 
they can cause the mother to develop Rh antibodies, a view 
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which derives support from the experiments of Stern, Davidsohn 
& Masaitis (1956). Such an interpretation would suggest not 
only that ABO-incompatibility will protect against all blood- 
group incompatibilities other than A and B, but also that 
sensitization for A or B is unlikely to be by way of the red 
cells, since these would be destroyed quickly. It is, therefore, 
of interest that ABO-incompatibility protects against Kell 
(see Race & Sanger, 1958), and ABO immunization is 
apparently caused by watery secretions, as affected infants 
are almost exclusively ABH secretors. 

The interaction between the Rh and ABO blood-group 
systems will put group B at an advantage in western European 
populations in which B is rare. However, the advantage will 
not be very large (considerably less than 0.5%) since Rh 
itself is not subject to very powerful selection. 


c. Selection Favouring the Heterozygote 


The MN system has been suspected of generating powerful 
selective forces, on the grounds that in a large body of 
published data there is an excess of MN children from matings 
between heterozygotes. Wiener (1943) has maintained that 
the excess is due to misclassification in such matings, in which 
all three types are to be expected. However, Race & Sanger 
(1950) pointed out that some of the data are not open to this 
criticism, for population samples scored at the same time and 
with the same reagents do not show the excess of hetero- 
zygotes. The recent data of Linnet-Jepsen et al. (1958) also 
show a slight excess of the heterozygote, but by themselves 
they do not show a significant discrepancy from the expected 
value. 

If this excess of the MN phenotype is real it demonstrates a 
selection in favour of the heterozygote sufficiently powerful to 
maintain the polymorphism. Such selection is not unlikely, 
since Schultz & Briles (1953) and Gilmour (1954, 1958) have 
shown that the heterozygotes for some of the genes con- 
trolling blood groups in chickens are at a considerable 
advantage in several respects. Moreover, the same situation, 
although not adequately investigated, probably holds in 
mammals, for Dr C. Cohen tells me that all of the rather 
small inbred populations of domestic rabbits he has studied 
are polymorphic for at least one blood-group system. If 
selection were not acting, one might expect at least some 
populations to have become homozygous by chance alone. 


d. The ABO Blood Groups and Diseases other than 
Haemolytic Disease 


There is now strong evidence that the ABO blood-group 
system is affecting the incidence of certain diseases (see 
Fraser Roberts, 1957),? particularly duodenal and gastric 
ulceration, stomal ulceration, cancer of the stomach, per- 
nicious anaemia and perhaps diabetes mellitus. Moreover, 
Clarke, Edwards, Haddock, Howel-Evans, McConnell & 
Sheppard (1956) have shown that non-secretors of ABH are 
more liable to duodenal ulceration than are secretors. 
Recently, Clarke, Price Evans, McConnell & Sheppard (1959) 
have shown that the secretor character has a much less marked 
effect on susceptibility to gastric ulceration and may not have 
any effect at all. The differences between blood-group pheno- 
types in the degree of susceptibility to these diseases will not 
generate very powerful selective forces, since most of them 
occur in middle or later life. However, the investigations 





* See also Fraser Roberts, p. 129 of this number of the Bulletin.—Eb. 
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show that the genes controlling these blood groups are not 
neutral but have a profound effect on the physiology of man. 
This conclusion is strongly supported by some recent clinical 
investigations (Cresseri, Cantone, Piccinini & Capraro, 1958). 


3. Indirect Evidence of Selection 


a. Gene-Frequency Distributions 


Mourant (1954) pointed out that the world distribution of 
blood-group frequencies gives strong evidence of the action 
of natural selection on some at least of the blood-group 
systems. He observed that, although the relative frequencies 
of the phenotypes A, B and O vary markedly over very short 
distances, some of the other systems show much more 
gradual changes with distance. This phenomenon may, in 
part, be due to a lack of detailed knowledge about distribu- 
tions but there is no doubt that there is a real contrast between 
the ABO groups and at least some other systems. Now if we 
assume that all groups are selectively neutral, all will be 
equally subject to drift and therefore all should show the 
same degree of variation. Since they do not, we must assume 
that selection is acting on at least some of the systems. It 
may be that it is only those whose gene frequencies change 
rapidly from place to place that are subject to strong selection, 
in which case the “environment”? is altering the direction and 
intensity of selection. However, in view of the fact that 
populations which have migrated retain their characteristic 
gene frequencies for a long time, it is likely to be the composi- 
tion of the gene pool of the population, not external condi- 
tions, that is important (Ford, 1945). If it is the systems 
showing less violent fluctuations that are affected mostly by 
selection, then again the external environment seems to play 
only a small part in determining selective values. In the long 
run selection due to changes in the external environment will 
alter the gene pool and therefore the selective value for the 
different blood-group genotypes. We may therefore safely 
believe that the selective value of the genes controlling blood 
groups is more directly influenced by the genetic constitution 
of the individual than by the external environment even if, as 
is probably the case, strong selection is acting on all blood- 
group systems and not just on some as postulated above. 
There is, however, some evidence that the environment can, 
on occasion, play a more direct role in altering the selective 
values of the various allelomorphs of the ABO locus. In 
south Asia there are areas in which blood group B is at a 
particularly high frequency and in these areas this applies to 
people of Caucasian and Mongolian stocks. 

The magnitude of the effect of both selection and drift 
could be determined by an extension of the argument outlined 
above. Thus Cavalli-Sforza (1959) has studied in detail the 
structure of the human population in one area. He obtained 
information on population density, the distance between the 
original homes of married couples and other similar data. 
The parameters he obtained were those necessary to estimate 
the effect drift could have in causing differences between 
populations in the absence of selection. He also determined 
ABO and Rh gene frequencies for some of the more isolated 
villages and concluded that the differences between them 
could be due to genetic drift. Had he determined gene 
frequencies for the whole area and for many of the other 
blood-group systems, he could have determined the variation 
in gene frequency from place to place for each system and 














seen if it was consistent with his estimates of the effect due to 
drift. Variation in gene frequency from place to place which 
is too great to be ascribed to drift would indicate the action 
and minimum intensity of selection as conclusively as would 
variation smaller than that expected from drift alone. The 
chief disadvantage of this method is that variability consistent 
with drift might nevertheless be due to selection varying in 
intensity and direction from place to place. One of the 
virtues of investigating many systems at once is that it allows 
one to detect more easily gene-frequency changes due to past 
immigration into restricted parts of the area studied which, 
if undetected, could invalidate any conclusions based on 
fluctuations in gene frequency greater than those that could 
be ascribed to drift alone. 


b. Selection on the ABO System 


Brues (1954) has examined the world distribution of the 
gene frequencies of the allelomorphs controlling the ABO 
system. She notes that the frequency of the gene determining 
the presence of group O (/°) very rarely falls below 0.5; in 
the absence or near absence of the gene controlling A (/*), 
that for B (/*) remains rare (from about 0.0 to 0.25); in the 
absence of J’, the frequency of the allelomorph J’ varies 
widely (0.0 to 0.55) but, when J” reaches frequencies close to 
its maximum, /* is always rare. She argues that this non- 
random relationship between the frequency of the three 
allelomorphs cannot be explained by genetic drift alone, nor 
by the introduction of J’ by mutation after man had evolved, 
unless strong selection in favour of J* is postulated. In fact, 
evidence from the great apes suggests that the polymorphism 
is older than man, having been present in a common ancestor 
of man and the apes. Brues concludes by suggesting that at 
least some of the heterozygotes between genes at the ABO 
locus must be at a selective advantage to the homozygotes, 
thus maintaining the polymorphism. She believes, however, 
that much of the differences between races with respect to 
ABO frequencies is due to drift. 

However, once one postulates strong selection in favour of 
heterozygotes, one is on dangerous ground in maintaining 
that the differences between populations are due to drift alone. 
In every thorough investigation of polymorphism maintained 
by selection, it has been shown that the selective values of the 
phenotypes change markedly from place to place and from 
time to time (see Cain & Sheppard, 1954; Dobzhansky, 1951; 
Fisher & Ford, 1947; Timofeeff-Ressovsky, 1940). Thus, if 
the ABO blood groups are maintained by selection, it would 
be unreasonable to postulate that the selection pressures are 
the same everywhere. 

Perhaps the most interesting anomaly in ABO blood-group 
distribution concerns the American and Australian aboriginal 
populations (together with Basques) in which the gene /” 
appears to have been originally absent and only recently 
introduced (see Mourant, 1954). The absence of this gene 
demonstrates that blood group B cannot be maintained by 
mutation alone. Any mutation rate capable of raising the 
gene to the high frequency found in Asia would have ensured 
its presence in the American and Australian aboriginal 
populations (unless one postulates wildly different mutation 
rates in different races). Moreover, its absence cannot be due 
to /* first arising in man by mutation after these particular 
areas were colonized, unless we postulate that the gene is at 
a very large selective advantage (Brues, 1954). 
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The usual explanation put forward to account for these 
facts is that both continents were originally colonized by 
people with a low frequency of blood group B and that by 
chance alone the gene J” was not included in the colonizing 
population or was lost in the first few generations. Such an 
hypothesis on its own, however, necessitates the original 
population being of the order of a few hundred or less and 
also precludes any appreciable amount of subsequent 
immigration (or mutation). A very small initial size of the 
colonizing population and an apparent absence of subsequent 
immigration seems unreasonable on anthropological grounds, 
anyhow for America. We must, therefore, fall back on the 
hypothesis that in these continents (more likely in the gene 
pool of the people of these continents) /” was at a disadvantage 
and eliminated. Dr N. E. Morton has pointed out to me that 
if group B can cause haemolytic disease of the new-born, 
once it became rare or absent it would not be able to re- 
establish itself by subsequent mutation or by immigration 
since, being rare, it would be at a considerable disadvantage 
as compared with the situation when it is common (as 
explained above for Rh). Birdsell (1950) has found that /’, 
although absent from most of the Australian aboriginal 
population, is found at a frequency of about 15-20% in the 
extreme north. He interprets this as due to “. . . transient 
contacts between the aborigines and two culturally and 
racially different alien populations ” (Papuan populations of 
the Torres Strait Islands and late prehistoric or historic 
Malay fishermen), as do also Simmons, Graydon & Gajdusek 
(1958). However, he points out that the frequency of J’ is too 
high to be accounted for by racial admixture on a scale 
consistent with the anthropological data. He therefore con- 
cludes that J” may be at some advantage. Now we have seen 
that there is strong evidence that some heterozygotes of the 
ABO system can be at an advantage, an hypothesis consistent 
with the spread of the gene in northern Australia, but we have 
also seen that there is evidence that J” becomes more dis- 
advantageous the rarer it is, because of its effect on haemolytic 
disease (in America and Australia Rh-negatives are virtually 
absent and so do not complicate the picture). Consequently, 
if this disadvantage of J” is greater than its advantage in the 
heterozygote, the gene will be eliminated. Any subsequent 
change in the gene pool, as for example a change in the 
relative frequency of J° and J‘, could radically alter the 
selective value of J” and allow it subsequently to become 
common again. Long-continued immigration, as in northern 
Australia, could also introduce new genes to the population 
and so alter the gene pool. 

We can now see how J” could have been eliminated by 
selection and then later re-established in northern Australia. 
It might also have been beginning to spread in North American 
Indians as a result of admixture with the Eskimos, but data 
on this are more difficult to get. 


4. Conclusions 


The direct clinical evidence demonstrates beyond doubt 
that the blood groups are affected by natural selection. This 
conclusion is strongly supported by the indirect evidence 
which also suggests that the polymorphisms are stable. It 
is the magnitude of the selection pressures which is still in 
doubt. The MN system is the only one in which there are 
as yet any data which, if confirmed, would give direct evidence 
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of selection pressures capable of maintaining a stable poly- 
morphism. In the other two systems, Rh and ABO, in which 
we have direct evidence on the nature of the selection, it is 
not such as to give rise to a stable polymorphism. It therefore 
seems likely that there are powerful selective forces acting of 
which we, as yet, know nothing and that in most circumstances 
heterozygotes for the genes controlling blood groups are at a 
general advantage to most of their homozygotes. 
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AnNhwn- 


When the ABO blood groups were first discovered (Land- 
steiner, 1900) they were regarded purely as an immunological 
phenomenon and, though a number of series of observations 
were published from which frequencies can now be calculated, 
it was many years before the possibility of interracial varia- 
tions in frequency was considered. The first deliberate 
observations on the incidence of the blood groups in different 
populations were carried out by Hirszfeld & Hirszfeld (1919) 
at Salonica at the end of the First World War. Their obser- 
vations are not to be regarded as a shot in the dark, for several 
years previously Professor Hirszfeld himself and his colleague 
von Dungern (von Dungern & Hirszfeld, 1910) had been the 
first to show that blood groups were inherited. It was thus 
to be expected that their frequencies might have some racial 
basis. 

Since this first survey further observations have been pub- 
lished at a steadily increasing rate, based mainly on the records 
of transfusion services in the different countries. Many 
thousands of series of observations have now been published, 
covering in all about 6,000,000 people. 

Almost immediately after the discovery of the MN blood 
groups (Landsteiner & Levine, 1927, 1928a, 1928b), it was 
shown that their frequencies too were different in different 
populations, and this has been found true also of the blood 
groups of all the systems found subsequently. Before these 
discoveries began, observations were perforce confined to the 
ABO system, but even since then the vast majority of them 
have continued to refer solely to this system. 

As soon as wide differences in frequencies had been proved 
to exist between populations, claims began to be made that 
blood groups would replace the not entirely satisfactory body 
measurements which had previously been used for purposes 
of racial classification, and for a time there tended to be two 
schools of thought among anthropologists, one supporting the 
blood groupers and the other the anthropometrists. It is now 
realized, however, that when the two methods are used with 
full precautions against both technical and statistical errors 
they supplement and support one another to a remarkable 
extent, and that both are necessary in order to give the fullest 
possible information about the relations between populations. 

The external characters of the body are undoubtedly due, 
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in the main, to heredity and it must therefore be presumed 
that they are due to the action of genes. Their genetics have 
been little studied and are far from being understood, but 
there is little doubt that each of the unit characters (stature, 
skin colour, etc.) studied by anthropometrists is the result of 
the action of a considerable number of genes (polygenes) and, 
conversely, that a given gene may influence more than one 
character. The methods of classical genetics, as applied to a 
character dependent upon a single set of allelomorphic genes, 
can therefore not be used directly for the study of these 
characters. Anthropometrists have devised and elaborated 
practical statistical methods for dealing with them but have 
only recently begun to take cognizance of their genetic 
aspect, and of the correlations between different characters 
which arise from their manner of inheritance. Geneticists too 
have devised methods for dealing with polygenes, and there 
is little doubt that the two approaches will ultimately con- 
verge and so give rise to methods more efficient than any 
in use at present. 

A more fundamental difficulty in the use of these external 
characters for purposes of classification is that the expression 
of the genes is strongly influenced by the environment of the 
individual, and especially by the early nutrition. The blood 
groups, on the other hand, have the advantage that their 
genetics are very fully understood and that the blood groups 
of a given individual are totally determined by the genetic 
constitution, the expression of which remains constant 
throughout life, at any rate after infancy. While, however, 
the blood groups of the individual, unlike the external 
characters, are uninfluenced by the environment, there can 
be no doubt that in a breeding population both kinds of 
character are affected in the course of time by the operation 
of natural selection. Such selection must be taken into account 
when using either kind of character for purposes of classifica- 
tion. In general, the most slowly selected characters will be 
of the greatest use in classification, but a rapidly selected 
character may give useful extra information of relatively 
recent population movements. We are not here concerned 


——= 
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with natural selection as it affects the external characters, but | 


it is important to realize that one of the claims originally made 
for the value of the blood groups in anthropology was that 
they were selectively neutral. Sir Ronald Fisher and Dr E. B. 
Ford have on the other hand long held the view that the 
blood-group genes share with all other genes the property 
of being influenced by selection: the relation between certain 
diseases and the blood groups discussed by Fraser Roberts’ 
shows one method whereby such selection may have operated. 

When we come to study in detail the distribution of the 
blood-group genes we find that the human race falls into a 
number of large divisions, each occupying an area of sub- 
continental size and each characterized by a different set of 
average frequencies of the various blood-group genes. 
Within each such area, however, there are very considerable 
fluctuations in the frequency of the genes of the ABO system, 
while the frequency fluctuations of the genes of the Rh and 
MNSs systems are found to be much less marked, even when 
account is taken of the greater wealth of data available for 
the ABO system. I have suggested elsewhere (Mourant, 1954, 
p. 183) that this frequency fluctuation of the ABO genes may 
be the result of natural selection acting upon them much more 
rapidly than upon those of the other systems. This suggestion 





1 See Fraser Roberts, p. 129 of this number of the Bulletin.—Eb. 
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is to some extent supported by what we now know of the 
relation between blood groups and disease. 

For the blood-group systems other than these three, our 
knowledge of the gene distribution is insufficient to allow us 
to discuss in any detail the problem of selection. Even for 
the ABO genes, however, a study of populations with a known 
history suggests that over periods as long as 1,000 or even 
2,000 years we can assume that gene frequencies have remained 
sufficiently near constancy for us to be able to use them for 
purposes of classification and in tracing relations between 
populations. 

In a paper such as this it is impossible even to summarize 
the vast amount of information which we possess on the dis- 
tribution of the genes of all the blood-group systems. A full 
discussion of the published data, and tables, maps and 
exhaustive bibliographies, are available, however (Mourant, 
1954; Mourant, Kope¢ & Domaniewska-Sobezak, 1958). In 
this paper, only a number of selected topics, chosen to illus- 
trate general principles, will be discussed in detail. Even such 
a limited discussion, however, is based on records contained 
in hundreds of original papers. References will therefore in 
general be given here only if they are not to be found in the 
works just cited. 

The nature of the information available for any country or 
population depends upon the way in which it has been 
accumulated, whether from the records of tests made primarily 
for medical purposes, or as a result of investigations planned 
from the outset for anthropological purposes. In countries 
with well-developed blood-transfusion services our know- 
ledge of the frequencies of the ABO groups and of simple 
Rh-positives and Rh-negatives is mainly derived from the 
records of those services. In a very few of these countries 
extensive records of the frequencies of the blood groups of 
many systems have been based on the results of tests done on 
members of special donor panels or performed for legal 
reasons in contested paternity cases. In other countries, and 
for the systems other than ABO in nearly all countries, most 
of the information has been obtained through specially 
planned anthropological investigations, usually upon rela- 
tively small numbers of persons. 


1. Europe 


[t is thus largely because of the early development of blood- 
transfusion services in the countries of northern and north- 
western Europe that we know more about the distribution of 
the ABO blood groups in this area than in most countries 
elsewhere. At the same time we have as good a knowledge 
of past population movements in this region as in almost any 
other, and therefore a particularly good opportunity of trying 
to correlate the two kinds of information. It is in one sense 
unfortunate that differences in the frequencies of the blood 
groups other than ABO are small throughout the region, and 
in an area such as the British Isles variations are not great 
even for the ABO system, so that in the study of particular 
problems we are dealing largely with marginal differences, 
and much depends upon the recording of adequate numbers 
so as to make the small frequency differences statistically 
Significant. 

In Great Britain Kopec (1956) has been able to distinguish 
13 areas with significantly differing ABO frequencies. Broadly 
speaking she has confirmed the long-known gradient from 
high A in the south of England to high O in Scotland, thought 
to be due to the progressive retreat of earlier peoples with high 
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O frequency to the north before the pressure of more recent 
immigrants with high A from the Continent into England. 
She found, however, an area of high A frequencies around 
the Wash and Humber, and quoted the suggestion of Pro- 
fessor H. J. Fleure that this represented an area of par- 
ticularly intensive Anglo-Saxon colonization, marked by the 
settlement of Anglo-Saxon families as complete units rather 
than of individuals, as shown by archaeological evidence for 
the typical Anglo-Saxon custom of cremation burial. In 
Ireland, too (Hackett, Dawson & Dawson, 1956), the varying 
mixtures of Irish on the one hand and of the descendants of 
Norman and English invaders on the other are shown by the 
gradient from high O in the west to relatively high A in the 
east. 

Elsewhere, both in the rest of Europe and in the other 
continents, the numbers of persons tested have in general 
been smaller, and hence larger frequency differences have 
been required for statistical significance. These larger dif- 
ferences frequently correspond, especially outside Europe, 
with marked bodily and cultural differences, so that the 
relevance of blood-group studies to racial problems is more 
obvious than in most parts of Europe. 

A notable example of a European population clearly dis- 
tinguished from its neighbours by its blood-group frequencies 
as well as by physical and cultural peculiarities is that of the 
Basques, who have a lower B frequency and a much higher 
Rh-negative frequency than any of the other peoples of 
western Europe. The latter peculiarity is of special interest, 
as the existence in the past of a European race with a high 
Rh-negative frequency had been postulated before Rh tests 
were done on Basques. The reason for this was that most 
babies who die of haemolytic disease of the new-born? are 
heterozygous for the Rh genes D and d, so that these genes 
tend to be eliminated in equal numbers. Whichever of the 
two genes was originally the more frequent should therefore 
increase in frequency with each generation. The present 
situation throughout most of Europe, with about 40% of 
d genes and 60% of D, thus appears to be unstable. A number 
of possible explanations for this are discussed by Sheppard.® 
One possibility is that the present situation originated only 
a few thousand years ago by the mixing of two populations, one 
mainly Rh-negative and the other mainly Rh-positive. 

It has therefore been suggested that the Basques are the 
descendants of a population which made a major genetic 
contribution to the existing European population. Detailed 
blood-group surveys in various parts of Europe now seem 
to show such a theory to involve a great over-simplification 
of the facts, but there is nevertheless other evidence to support 
the view that the Basques do represent an important ancient 
race. One piece of evidence is that the Basques are low not 
only in the B and the D (or Rh-positive) genes as compared 
with the rest of Europe but also in C” and Fy*, and that 
all four genes show a general rise from west to east across 
Europe, and all of them but C” continue to rise as we follow 
them on into Asia. 

On a rather more local scale the study of place-names leaves 
no doubt that a Basque-speaking people once occupied a 
considerably larger area than at present, and this is supported 
serologically by the high frequency of Rh-negatives found 
over most of south-western France, and the low frequency 
of B in both south-western France and north-eastern Spain. 


? See Walker, p. 123 of this number of the Bulletin.—Epb. 
® See Sheppard, p. 134 of this number of the Bulletin.—Eb. 
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More remote connexions with the Basques are suggested 
by the high frequency of Rh-negatives and of the O gene, 
with low frequencies of A and B, in the Berbers of the Great 
Atlas Mountains. There appears to be some linguistic sup- 
port for an ancient connexion between the two peoples, as 
there does too for one between the Basques and the peoples 
of the Caucasus. The latter have a high frequency of O and 
a low frequency of A and B compared with their neighbours, 
though B, except in the Adzhartsi tribe, is not as low as in the 
Basques. Their Rh-negative blood-group frequencies are, 
however, lower than in the Basques and appear to lie within 
the normal European range. 


2. Africa 


In Africa the chief results of blood-group studies have 
been to emphasize the resemblance of the indigenous popu- 
lations south of the Sahara to one another, and their general 
dissimilarity from European and Asiatic populations. While 
fluctuations in the frequencies of the ABO groups are about as 
great in Africa as they are in Europe, the Rh groups give a 
picture which varies relatively little from one part of Africa 
to another but which differs completely from that found in 
any populations not of African origin. The main feature of 
African Rh groups is the very high frequency of the cDe or 
R, chromosome, which nearly always has a frequency above 
50%, a value never reached in any known non-African 
population. It is noteworthy that the very tall slender Dinkas 
and the rather pale-skinned pygmy Bushmen, neither of 
which races is regarded as typically African, nevertheless 
both have very high frequencies of cDe. Africans, too, have 
a much higher incidence of variants of the C gene (Sturgeon, 
Fisk, Wintler, Chertock & Sturgeon, 1958) and of the D gene 
of the Rh system than do the peoples of the other continents. 
Also forming part of the Rh genetic system is the V gene 
(DeNatale, Cahan, Jack, Race & Sanger, 1955); it has not 
yet been fully studied either genetically or anthropologically 
but it is known to have a frequency of about 20% in several 
African populations and has been found to be well under 1% 
in frequency in all others studied. 

In the MNSs system, too, Africans show several peculiarities. 
The “silent” allele of S and s known as S“ has so far been 
found only in Africans (Wiener, Unger & Cohen, 1954; 
Greenwalt, Sasaki, Sanger, Sneath & Race, 1954). It is 
detectable at present only in homozygotes, but it can be 
calculated that it must have a total frequency of about 11% 
in American negroes, and presumably a higher one still in 
those of pure African descent. Two other genes closely linked 
to the MNSs system and almost if not exclusively confined 
to Africans are the Henshaw and Hunter genes. The Hunter 
gene is known to have a frequency above 20% in West Africa 
and to exist in other parts of Africa, but detailed genetic 
and anthropological studies have been hampered by lack of 
serum. The Henshaw gene has been more fully studied; its 
frequency is usually under 5°%, but it appears to be present 
throughout tropical Africa; it is exceedingly rare outside 
Africa. Within that continent its linkage relations vary from 
place to place. In West Africa it is almost exclusively com- 
bined with NS (Chalmers, Ikin & Mourant, 1953); in other 
places it varies, and in South Africa it is mainly combined 
with MS (Shapiro, 1956). The almost complete restriction 
of its distribution to Africa suggests that it arose in the first 
place within that continent by a single mutation; hence its 
change of genetic partners from place to place is suggestive 
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of crossing-over within the rather closely linked group of genes 
associated with the MN system. 

Yet another “silent” gene peculiar to Africans is Fy, the 
third allele of Fy* and Fy’ (Sanger, Race & Jack, 1955). It 
accounts for the majority of genes at the Fy locus in Africans 
but has not been detected in other peoples. Very recently 
(Giblett, 1958), yet another blood-group antigen, Js, peculiar 
to Africans has been found: it appears to be genetically 
independent of the previously known systems. 

The systematic differences in blood-group frequencies 
between Africans and Europeans have been used in America 
as a basis for quantitative studies of hybridization, summar- 
ized by Mourant (1954). As more data, and more accurate 
data, for various “‘ pure”’ races become available, such studies 
are likely to increase greatly in number and importance. 


3. Asia 


In any detailed analysis of blood-group frequencies in Asia 
we are mainly limited to the southern parts of the continent, 
since from Soviet Asia, apart from one recent paper (Levin, 
1958), we have records only of ABO frequencies. In southern 
Asia blood groups support the division made on other 
grounds into Caucasoids and Mongoloids, with a marked 
break somewhere near the boundary between India and 
Burma. 

South-west Asia may, from the blood-group point of view, 
be regarded as an extension of the Mediterranean region. At 
first sight the very high B frequencies of Asia and especially 
of India seem to belie this, but we have already seen that ABO 
frequency differences are in general probably a relatively 
recently developed feature. Of greater importance in tracing 
relationships is the fact that the A, gene is present at all, 


though its frequency diminishes eastward from the relatively | 


high values found in the extreme south-west. The d gene is 
also present, as in Europe, and the whole Rh picture differs 
little from that of the Mediterranean. For the MNS system 
the frequency of M, as in most of Asia, is higher than in 
Europe, but the typical European feature of a high MS 
frequency is found wherever tests have been done. 

It should, however, be mentioned that interspersed among 
the peoples of India and Ceylon are a number of primitive 
tribes; some of these do not differ markedly from the other 
inhabitants of the region but a few, generally described as 
Veddoids, do differ both physically and in their blood groups. 
In particular they lack Rh-negatives or are very low in them, 
and some have several per cent of the otherwise very rare 
CDE chromosome. Their relations appear to be with the 
Far East and Australia. Some of them also have the gene for 
sickle-cell haemoglobin which is otherwise mainly confined 
to Africa, and it has indeed been suggested that sickling 
originally entered Africa from Asia (Lehmann & Cutbush, 
1953). 

South-east and east Asia show quite a different picture 
from the south-west. High frequencies of the B gene con- 
tinue, but A, has almost disappeared, as has d. (Both these 
genes are also absent or very rare in all the aboriginal peoples 
of the Pacific area and America.) The frequency of M 
remains high except in China and Japan, but MS is much 
lower than to the west. 

The Ainu of northern Japan are a unique race, sometimes 
said to be Caucasoid, with a high frequency of N, of the com- 
bination NS, and of the E gene of the Rh series, not only in 
the combination cDE but also as cdE. These characteristics 
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are to some extent reflected in the differences seen between 
the Japanese, who have probably a certain amount of Ainu 
admixture, and the peoples of the neighbouring Asiatic 
mainland. 

While the Negroid peoples possess numerous blood groups 
which they do not share with other races, only one antigen, 
Diego or Di*, is known so far to be confined to Mongoloids 
(Layrisse & Arends, 1957). It is not, however, present in all 
Mongoloid peoples, and its precise distribution will be dis- 
cussed in relation to the American Indians among whom it 
has been most intensively studied. 


4. Australasia 


Blood groups on the whole support the usual division of 
Pacific islanders into Melanesians, Micronesians and Poly- 
nesians, with the Australian Aborigines distinct from all of 
these. 

As defined by blood groups, the break between the peoples 
of Asia and of Australasia cuts across Indonesia between 
Java and Celebes, approximately where A. R. Wallace drew 
his famous Line separating the faunas of the two areas. He 
himself indeed mentioned that there was about here a change 
also in the appearance of the human populations. There is 
a rather sudden change from the high M frequency of Asia 
to high N which extends eastwards into Melanesia. 

It is convenient at this point to mention the Australian 
Aborigines, since they share a very high frequency of N with 
the Melanesians: this may, however, be an accidental re- 
semblance, since the Melanesians have a moderately high 
frequency of the S gene, while the Australians lack it almost 
completely. The latter also, except in the extreme north of 
the continent, lack the B gene; frequencies of A and O vary 
widely. The most remarkable feature of their Rh groups is 
the relatively high frequency of CDE. 

To revert to the Pacific islanders, the Micronesians, though 

distinct from the Melanesians in having rather higher fre- 
quencies of the A, B and M genes, do not on the whole differ 
markedly from them. The most important break in blood- 
group frequencies in the whole of the Pacific area is that 
between the Polynesians and the peoples to the west of them. 
Unfortunately we are unduly dependent upon studies of one 
particular people, the Maori, for our knowledge of Polynesian 
blood groups, and it is important that more extensive studies 
should be made on the Polynesians of the oceanic islands, 
including Hawaii. 
The Polynesians have a very high frequency of A, with 
little or no B. Their M frequency, though only moderate, is 
higher than that of the other peoples just mentioned and they 
have some of the highest known frequencies of cDE. They 
also have a high frequency of the taster gene for phenylthiocar- 
bamide. They appear to have a high frequency of Le*- 
Positives and a low frequency of the ABO secretor gene: in 
view of some discrepancies and of the importance of these 
characters for comparisons with American Indians, however, 
It is desirable that more tests should be carried out. 


5. America 


The aboriginal peoples of America, who comprise the 
North and South American Indians and the Eskimos, have 
a number of very marked blood-group characteristics in 
common. They have unusually high frequencies of the ABO 
secretor gene, of the M gene and of the cDE chromosome. 
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CDe shows a moderate frequency about equal to that of cDE, 
and d is almost completely lacking. On the basis of their 
ABO blood groups, however, there is a clear threefold 
division. The Indians of Central and South America are 
almost exclusively of group O. The Indians of what are now 
the United States of America and Canada probably lacked B 
completely before they received the gene from the Europeans 
and possibly to some extent from Eskimos. They have, 
however, very variable frequencies of the A gene from almost 
zero in the south to relatively high values in western Canada. 
The highest frequencies of all, and indeed some of the highest 
A frequencies known anywhere in the world, are found in the 
Blood and Blackfoot tribes who straddle the border between 
the United States of America and Canada east of the Rockies. 
The Eskimos have all the three genes A, B and O in propor- 
tions not dissimilar to those found in Europeans, but the A 
genes are almost exclusively of the A, variety (as they are in 
those Indians who have any A genes). 

The Diego antigen, as we have seen, is confined to what 
may be broadly described as Mongoloid peoples. It is, how- 
ever, not present in all of them. Relatively few of the peoples 
of Asia have been tested, but this antigen is known to be 
present in the Chinese, the Japanese and the Land Dyaks of 
Borneo. It has been found absent in the Polynesians of whom 
considerable numbers have been tested, and it appears indeed 
to be absent from all Pacific island populations, including 
Australian Aborigines. It has rather high frequencies in both 
North and South American Indians, but tests on considerable 
numbers of Eskimos have failed to show its presence. 

It will be seen that the Polynesians have a number of 
features in common with the aboriginal peoples of America, 
the resemblance to the Indians of the north-west being par- 
ticularly marked; there are several important differences, 
especially with regard to the Diego and secretor genes, but 
there can be little doubt that the Polynesians and the aborig- 
inal peoples of the American continent share a considerable 
proportion of their ancestors, though where these ancestors 
may have lived is quite another matter. 

A closely related problem is that of the origin of the ancient 
peoples of America themselves. There can be no doubt that 
somehow they came from Asia. Apart from ABO and Diego 
frequencies they show remarkable consistency in their blood 
groups from one end of the continent to the other, yet they 
and the Polynesians differ almost completely from all the 
other known peoples of Asia and the Pacific. There can be 
little doubt that an intensive study of blood groups in eastern 
Siberia would give very valuable evidence as to their origin, 
and the recent initiation of such an investigation (Levin, 1958) 
is therefore greatly to be welcomed. 


6. Discussion 

The study of populations by means of their blood groups 
has thus in a relatively short time contributed much to their 
classification and to our knowledge of past migrations and 
mixings. This work has been done with the use of a small 
part only of the genetic and serological tools now becoming 
available. If sufficient quantities of the more recently dis- 
covered diagnostic sera can be made available, and suitably 
placed workers trained to use them, this alone will greatly 
increase our knowledge. Much may depend upon the pos- 
sibility, at present barely investigated at all, of making antisera 
in animals rather than awaiting their appearance in human 
beings. 
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At the same time we may expect a continuation of dis- 
coveries of new varieties of serum, defining new antigens: 
especially, with the expansion of medical and anthropological 
blood grouping in countries outside Europe, we may expect 
that many more antigens limited to particular races will be 
found. Though it lies outside the scope of the present paper, 
it may also be mentioned that the investigation of haemo- 
globins and plasma proteins, by electrophoresis and other 
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1. Mapping of Gene Loci in Man 


One branch of genetic study in man is concerned with 
determining to which chromosome a given gene belongs and 
with defining its position on that chromosome. A series of 
steps is involved. One of the stages envisaged is the discovery, 
in man, of some chromosomal aberration, such as a small 
deletion which could be recognized both under the microscope 
and also functionally through its phenotypic effect. The only 
mammal in which this has so far been feasible is the house 
mouse. In that animal, by correlating some observable 
phenomena in the intact animals with a microscopically 
visible translocation of one piece of a chromosome to 
another, it has been possible to assign a group of genes to a 
particular chromosome (e.g., Carter, Lyon & Phillips, 1954; 
Slizynski, 1954). 

There is little immediate likelihood that this achievement 
can be directly repeated for man, but there has been recent 
interest in an immunological approach to the same problem. 
This is based on the theoretical possitility of locating a gene 
directly by its products, using the technique of fluorescent 
antibodies, on the assumption that gene products carrying 
immunological specificity, remain, at least temporarily, in the 
vicinity of the gene. 

So far, only for the X chromosome can any of the genes on 
a human chromosome be named. However, some progress 
can be made in the meantime by collecting genes into groups 
by means of linkage studies, in which one makes use of the 
tendency for genes to be transmitted together when they lie 
on the same chromosome. 


2. Detection of Linkage 


Each chromosome, consisting of a sequence of gene loci, 
has, in general, a partner with exactly the same loci, but rarely, 
if ever, the same series of genes (alleles) at these loci. To show 
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that two loci are on the same chromosome a particular gene 
at one locus must be shown to have a tendency to travel in 
inheritance with a particular gene at the other. For example, 
in the section of pedigree illustrated in fig. 1, the r gene com- 
plex of the mother has a tendency to be handed on only to 
those children who have not received the gene for ellipto- 
cytosis from her. The word “tendency” rather than 
“certainty” has been used here, because of the recombination 
process in consequence of which each single chromosome of 
the egg or sperm is a composite of the two partner chromo- 
somes present in the primary reproductive cell. Recombina- 
tion has occurred between the Rhesus and elliptocytosis loci 
to give rise to the individual III-12 (fig. 1) who, although 
normal, has received the R, gene complex from his mother 
rather than the r complex. In this sibship of the family there 
are thus eight non-recombinants and one recombinant 
(III-12). The frequency of recombinations is roughly 
dependent on the physical distance between the loci, and can 
be used as a measure of this distance. 

It is clear that, for detection of these recombinations, at 
least one parent (in this case the mother) must carry, at the 
two loci, four genes or gene complexes all different (in this 
case R,, r; El, el); in other words, she must be heterozygous 
at both loci under consideration. At the same time, it is 
preferable for the presence of these genes in the children not 
to be obscured by dominant genes contributed by the other 
parent. 


3. The Need for Marker Loci 


Theoretically, it should be possible to test for linkage 
between any two loci directly, but an individual affected, for 
example, with two rare abnormalities, say elliptocytosis and 
osteogenesis imperfecta, may hardly ever occur in the history 
of man. It is therefore necessary that one, at least, of the loci 
under test should have a minimum of two distinguishable 
alleles occurring commonly in the population. Such a locus— 


FIG. 1. ILLUSTRATION OF LINKAGE BETWEEN 


RHESUS AND ELLIPTOCYTOSIS 


I 





RiRo Rir Rar RiRe RiR2 Riki RiRe Rar RiRe 


Se elliptocytosis (genotype El/el) 
O normal (genotype el/el) 


( ) genotype inferred 


The representation of certain individuals in this family not relevant 
to the subject of this paper has been omitted. The full pedigree is 
that of family no. 4, reported by Goodall, Hendry, Lawler & Stephen 
(1954). 
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for example, one concerned with a blood-group system—can 
be used as a marker, and any two main loci found linked to the 
same marker can be allocated to the one chromosome. It is 
already known that one locus for elliptocytosis is closely 
linked to the locus of the Rhesus complex (Lawler, 1954; 
Morton, 1956). If it could be shown that the locus for a 
particular type of osteogenesis imperfecta was also linked to 
the Rhesus complex (see some suggestive data of Mohr, 1954), 
then that elliptocytosis locus and that osteogenesis locus 
would, by the use of the marker, be shown to be on the 
same chromosome. 


a. Relative Efficiencies of Two-Allele Markers 


In a standard linkage investigation, it is possible to select, 
at the main locus, the suitable back-cross mating! (e.g., 
eliptocytosis x normal) from a large population, but for the 
genes at the marker locus also to constitute a back-cross (in 
such a way that one parent has four different genes) one must 
depend on chance. For a two-allele marker locus this chance 
is maximal when the frequencies p and q of the “dominant” 
and “‘recessive”’ alleles are in the ratio 1 : 3. 

Most of the two-allele marker loci listed in Table I may be 
regarded as showing dominance, since only two phenotypes 
are usually distinguished. Column 3 gives, for each marker 
locus, the proportion of double back-cross matings among 
those matings which have been chosen for study because of a 
back-cross at the main locus. The maximum possible figure in 
this column for a marker with two phenotypes would be 
about 20%, but because the gene frequencies for most of the 
markers listed are not optimal (at least in Great Britain) this 
figure is approached only by the Gm locus (Grubb, 1956), 
which controls a particular property of y-globulin. 

Another marker character (not actually listed in Table I) 
which can be regarded for linkage purposes as controlled by 
a two-allele locus is the haptoglobin type of human sera 
(Smithies & Walker, 1955) in which three phenotypes can be 
distinguished. Two informative back-crosses (one to each 
homozygote) being therefore possible, the frequency of very 
useful families is increased to 25%. For this type of locus, in 
which both genes are expressed in the heterozygote, the two 
genes should ideally have equal frequencies, a situation 
approached in this example of the haptoglobin alleles. 

Of course, in other populations the relative merits of the 
different markers will depend on the local gene frequencies. 
For instance, in the Chinese population, the Diego blood- 
group system could be used as a marker (the frequency of the 
gene Di® being 0.97 according to Layrisse & Arends, 1956), 
whereas the Kell system would be of little value, since Miller, 
Rosenfield & Vogel (1951) found no K-positive individuals in 
103 Chinese tested. 


b. Multi-Allelic and Complex Loci as Markers 


The well-established marker characters with multi-allelic or 
with complex loci—the Rhesus, MNSs, A,A,BO blood groups 
— are easily the most efficient and they have the added 
advantage of availability and reliability of the standard 
antisera. Since there are 23 chromosome pairs (Tjio & Levan, 
1956; Ford & Hamerton, 1956; Ford, Jacobs & Lajtha, 1958), 
it is clear that the present battery of about a dozen usable 
marker loci is still inadequate to label more than a fraction of 
the genetic material. There is a great need for more marker 





* A back-cross mating is a mating between a heterozygote and a homozygote 


TABLE |. THE FREQUENCIES OF GENES AND OF 
BACK-CROSS MATING TYPES FOR THE TWO. 
ALLELE MARKER LOCI ALREADY IN USE 





Frequency of 
specified gene in 
Great Britain 


Frequency 

of double 

back-cross 
(%) 


Marker locus Notes 


P (P, + p) 0.52 14 There are at least three 

alleles, P,, P, and p 
(Sanger, 1958) but p 
is sO rare that it can 
be ignored for link- 
age purposes 

ABH secretion | (se) 0.48 12 oo 

PTC tasting? (t) 0.55 1S Harris & Kalmus 
(1950). Phenotypic 
discrimination not 
sharp 

Duffy (Fy’)* 0.59 17 — 

Kell (k)* 0.95 9 _— 

Lutheran (Lu’)* 0.96 Ps — 

Kidd Uk°’)* 0.48 12 — 

Lewis secre- (!) 0.20 1.4¢ | Marshall (1958, per- | 

tion sonal communication) 





Gm (gm) 0.63 Lawler (1958) 








* If anti-Fy®, -k, -Lu®, -Jk® are used and three phenotypes distin- 
guished, the efficiencies of the respective loci are greater than 
indicated in column 3. 

+ This figure indicates that the Lewis secretion locus is of very 
little use as a marker. 


Gene frequencies are taken, except where otherwise stated, from 
Mourant (1954). 


loci, or for the improvement of known ones, by the discovery 
of more alleles or by the development of techniques to 
differentiate heterozygotes from homozygotes. 


4. Association Distinguished from Linkage 


The standard English word “linkage” is used in genetics 
to indicate the specific type of relationship already discussed. 
Unfortunately, in the literature on human genetics, the word 
has sometimes been used in its more general sense, to indicate 
a tendency to the concurrence of two conditions in an 
individual or in a family, when the word “association” is 
really the appropriate term. In an association between 4 
particular blood group and a particular disease (Fraser 
Roberts, 1959) there is a tendency, over the whole population, 
for the two associated features to occur together more often 
than would be expected if the features were occurring inde- 
pendently of one another. This is not so in linkage. Because 
of the recombining of genes, at the two linked loci, a popula- 
tion survey would show that any particular gene at the one 
piece cig Sas teins casi paca asi hy ean a taal ns AIRE 


2 See also Mourant, section 4, p. 143 of this number of the Bulletin.—Eb. 
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TABLE ll. THE INDEPENDENCE OF THE LUTHERAN 
AND ABH SECRETOR PHENOTYPES IN A SAMPLE 
OF 400 UNRELATED PEOPLE TESTED AT THE 
GALTON LABORATORY 





Phenotype Lu(a+) Lu(a—) Totals 
ABH secretors 27 270 297 
ABH non-secretors 8 95 103 
Totals 35 365 400 

x* = 0.17 P=07 


locus is not associated with any particular gene at the other 
locus. Such a survey cannot therefore be expected to reveal 
linkage. Table II, for example, shows, in some English data, 
that the Lutheran phenotypes (hence genotypes) in the 
general population are independent of the ABH secretor 
phenotypes (and genotypes), even though, by family studies, 
Mohr (1951) showed quite clearly that the Lutheran locus was 
closely linked to the secretor locus (as scored, with almost 
negligible error, by the erythrocytic Le* phenotype). For this 
linkage, the maximum likelihood value of the recombination 
frequency is now estimated as 7.5%, with 95% confidence 
limits of 3% and 15%. In other words, there is a probability, 
0.95, that the recombination frequency lies between these 
limits. The “lod” scores of Smith (1953), tabulated by 
Morton (1955), were used and the data include those of 
Mohr (1954, 1956) and of Sanger & Race (1958). The 
remaining informative families were grouped at the Galton 
Laboratory, and the relevant data are depicted in fig. 2. 


5. Practical Aspects of Linkage Investigations 


The type of linkage search which gives the greatest chance 
of success is a full pedigree investigation centring round the 
affected members of a family in which a chosen dominant 
trait is known to be running through several generations. 
This provides only the skeleton of the study and, for each 
affected member, his parents, sibs, spouse and children must 
also be examined for the marker characters selected. In 
certain circumstances, to clarify the genotype of a normal 
relative (say an unaffected sib), it may be helpful to test his 
children too. These marker characters serve an additional 
purpose in many genetic investigations in clarifying the 
parentage of a certain number of individuals, as in the family 
illustrated in fig. 3. If the four exclusions of parentage had 
not been made in this family, the unlikely segregation ratio 
with respect to the main character would have been misleading 
from a general genetic point of view as well as for linkage 
assessment. 

The main character can be a recessive instead of a dominant 
one but, in that case, the back-cross at the main locus will not 
give useful information. To establish a linkage will therefore 
require a larger body of data and, hence, a larger collection 
of primary cases of the condition. It will also entail greater 
Statistical difficulty in testing satisfactorily for homogeneity 
unless some technique is available for distinguishing the 
heterozygotes. If heterozygotes could be identified, large 


Pedigrees could be studied and none of these disadvantages 
would apply. 
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FIG. 2. FAMILIES CONTRIBUTING DATA ON 
LUTHERAN: SECRETOR LINKAGE 








ABH secretor 


© ABH non-secretor 
+  Lu(a+) phenotype 
—  Lu(a—) phenotype 


N blood not examined 


: part of tylosis family B2 (Lawler & Renwick, unpublished obser- 
vations) 


b: mongol family no. 243 (Lang-Brown, Lawler & Penrose, 1953) 


0 


: family C 38 Be (collected by Silvestroni, Bianco & Siniscalco, in 
August 1957, unpublished observations) 


6. Testing and Estimating Linkage 


Careful inspection of the pedigree will often be sufficient to 
detect or exclude close linkage involving any of the more 
efficient markers. This impression can be objectively quanti- 
fied by the rapid sib-pair test of Penrose (1953) or by use of 
Fisher’s u scores (Finney, 1940) or by the method of lod 
scores (Smith, 1953), usefully tabulated as z scores by Morton 
(1955, 1956, 1957). Of these, the lod scores have considerable 
advantages but, in general, none of these relatively quick 





FIG. 3. ILLUSTRATION OF THE USE OF MARKER 
CHARACTERS IN CLARIFYING PARENTAGE 





0 
Ror 


fe) 
Rr rr Rr Rfr 


AB O A B 


Rr 


% nail-patella syndrome present 
O nail-patella syndrome absent 


@ miscarriage 


Part of family P (Lawler, Renwick, Hauge, Mosbech & Wildervanck, 
1958). The representation of certain individuals not relevant to the 
subject of this paper has been omitted. 


The ABO and Rh blood groups show that Ill-6, -9, -10 and -11, 
having Il-2 as mother, are not the children of Il-1. 


methods is immediately applicable to pedigrees of more than 
a single family unit. The information in a large pedigree is 
considerably greater than the sum of that information gained 
by treating each family unit separately. To obtain the lod 
scores on a large pedigree, it is necessary to calculate, for any 
chosen recombination frequency, the probability of that 
pedigree’s having occurred in all its detail, and to compare 
this with the probability calculated on the basis of a recom- 
bination frequency of 0.5 (i.e., no linkage). The log of this ratio 
is the lod score, and the curve obtained by plotting lod scores 
against various chosen recombination frequencies is meaning- 
ful in itself; but a significance level and a maximum likelihood 
estimate can be calculated if required, as by Haldane & Smith 
(1947). These same lod scores can be used for the sequential 
test described by Morton (1955), although the appropriateness 
of a sequential test is a controversial question. The calculation 
of these scores is simple in principle but very time consuming 
for a large pedigree, when every possible genotype for each 
individual has to be considered in the light of population gene 
frequencies. There is hope that electronic computers will 
eventually be used fairly widely for this work. 

One alternative technique, also applicable to large pedigrees 
as well as to small, is the counting method of Smith (1957), 
but this usually turns out to be more laborious. Most 
Statisticians interested in this field appear to be in fairly 
general agreement that the information from multi-generation 
pedigrees is best condensed into a series of lod scores cal- 
culated for a range of recombination values, as already 
indicated. Therefore, if one or more such pedigrees occur in 
the data, the lod scores should also be used for the smaller 
families, thus allowing all the information to be combined by 
simple addition. 
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7. Publication of Data 


Even when full calculations are published on a particular 
investigation, with or without positive findings, it is stil] 
necessary to make the detailed findings generally available 
(preferably published in tabular form to allow others to 
combine them with further data). Publication of data is, of 
course, more important than the calculations or the interpre- 
tations offered. The names, ages and addresses of the families 
studied should ideally be filed for each country in some 
accessible office (such as the archives of the Galton Laboratory 
in Great Britain) to allow for a later generation to be traced in 
the future. This becomes particularly important when the test 
condition is very rare or when there is doubt about whether it 
is always controlled by the same locus. For example, the close 
linkage described by Renwick & Lawler (1955) between the 
ABO and nail-patella loci, although not showing a significant 
heterogeneity between families (Lawler, Renwick, Hauge, 
Mosbech & Wildervanck, 1958), does seem to be somewhat 
loose in at least one family, C. This family was originally 
described in 1911 and only its relative immobility in a Scottish 
village allowed its rediscovery. If, in some years’ time, other 
families with high recombination frequencies make a re- 
assessment necessary, it may be advisable to return once more 
to this family to test the children born since the recent 
investigation, and then the necessity of having records of 
family names, ages and addresses filed in a central office will 
be felt. 


8. Present Assessment of Linkage Work 


The first proved linkage in man—that between colour 
blindness and haemophilia (Bell & Haldane, 1937)—concerned 
the sex chromosomes, but the other chromosomes are now 
being studied with success. Morton (1957), in a review of 
some of the linkages for which claims have been made, has 
shown that it is not too surprising that three quite definite 
linkages (P< 10~*) have so far been discovered with the blood 
groups as markers. These three all have recombination 
values of 10% or less and it will be noted that two of the 
linkages concern the highly efficient marker loci, ABO and 
Rhesus. 

Lutheran : secretor 7.5% 
One elliptocytosis locus : Rhesus 3.3% 


(Mohr, 1951) 
(Lawler, 1954; 
Morton, 1956) 


(Renwick & Lawler, 
1955; Lawler et al. 
1958) 


Some deviations in favour of linkage have been noted in 
work on numerous other main loci and, as further data on 
these accumulate, it is fairly certain that some of the deviations 
will be proved to indicate true linkages. Gates (1954) gives a 
useful summary of the literature, though without attempting 
an independent assessment. 


Nail-patella : ABO 9.7% 


9. Summary 


Three certain autosomal linkages are now known in man: © 


a Lutheran : secretor linkage, a linkage between one ellipto- 
cytosis locus and the Rhesus complex locus, and the nail- 
patella: ABO linkage. All of them concern blood-group 
systems. Some others cannot be regarded as convincing but 
it is very probable that, with added data, a proportion of 
them could be established beyond doubt. For the majority of 
pairs of loci tested, all that can be said is that linkage closer 
than a certain value has been shown to be unlikely. 
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Since Aird, Bentall & Fraser Roberts (1953) first demon- 
strated an association between blood groups and the incidence 
of gastric carcinoma, many similar claims have been made 
correlating various lesions with particular blood-group anti- 
gens or with the secretor phenomenon (see review by Fraser 
Roberts, 1957). Wiener (1957), however, regards all such 
attempted correlations as ridiculous, thus completely ignoring 
the significance of balanced polymorphism (Ford, 1957) as 
evidence for the survival values of the various genetic con- 
tributions concerned. In the absence of any knowledge of the 
functions exercised by the blood-group substances, it is at 
present impossible to appreciate their respective contributions 
to individual survival or well-being. A more detailed know- 
ledge of their distribution within even one animal species, 
however, might well provide valuable clues. 


1. Methods of Study 


Landsteiner & Levine (1926) were able to show the presence 
of the specific A and B substances in cells and tissues other 
than the erythrocytes by using an agglutination inhibition 
test. Most of the subsequent work of this nature has made 
use of this or other standard immunological procedures 
(Witebsky & Okabe, 1927) to show the presence or absence 
of the antigens in the various tissue extracts. By such methods 
it has been found that the blood-group substances exist in 
two forms distinguished by their solubility in water and ethanol 
respectively. A modification which has also been used detects 
the presence of blood-group substance by the ability of the 
tissue to reduce by absorption the titre of an agglutinating 
serum and by the release of the specific agglutinin on subse- 
quent elution (Berroche, Maupin, Hervier & Dausset, 1955). 

A micromethod recently introduced by Coombs, Bedford 
& Rouillard (1956) enables the presence of specific blood- 


1 See also Roberts, p. 129 of this number of the Bulletin.—Eb. 
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group substances to be detected upon the surface of single 
cells. A suspension of isolated epidermal cells of group A, 
for example, is incubated with specific anti-A serum and 
washed. Mixed agglutinates are formed when these cells are 
then incubated in a suspension of group A red cells, but not 
when incubated with group B or O red cells. 

Whereas these three methods can show the presence of 
blood-group activity in an extract or a cell suspension, the 
use of fluorescent antibody (Coons & Kaplan, 1950) permits 
a topographical study of the distribution of the various blood- 
group antigens throughout the tissues of the body. Moreover, 
pre-treatment of sections with ethanol enables one to distin- 
guish readily the ethanol-soluble from the water-soluble forms, 
For the successful application of their technique, however, the 
use of precipitating immune antisera appears to be necessary. 

The only blood-group substances so far isolated in a 
sufficient state of purity to justify attempts at chemical 
characterization are those with specificities A, B, H and Le’, 
because they exist in large quantities in some ovarian cysts. 
We have prepared precipitating antibodies against all four 
of these substances, thus enabling the fluorescent antibody 
technique to be applied to the study of their distribution, but 
lack of availability of the appropriate materials precludes the 
use of this method in the study of the distribution of other 
blood-group antigens. Furthermore, since we have found post- 
mortem changes rapidly obscure the detection of these sub- 
stances, their histological distribution is best studied in fresh 
material. 


2. Results 


The most comprehensive investigation using the method of 
agglutination inhibition is that of Hartmann (1941). She 
determined the titres of both aqueous and ethanolic extracts 
of most of the organs and found them highest in the upper 
alimentary canal and its accessory glands. The order of the 
organs or tissues with regard to their content of blood-group 
substance was the same for secretors as for non-secretors, but 
the average for each site was approximately 10-12 times as 
much in secretors. The only material with a high content of 
blood-group substance, outside the alimentary tract, was 
sperm. Small amounts were found in all the other organs 
tested, the concentration being least in the brain, where only 
equivocal amounts were detected. 

By means of the mixed agglutination method Coombs and 
his associates (Coombs et al. 1956; Gurner & Coombs, 1958) 
have convincingly shown the presence on leucocytes, platelets 
and epidermal cells of the A and B antigens corresponding to 
those on the individual’s red cells. Using the same method, 
Gullbring (1957) was not only able to show the presence of 
these same antigens on sperm but to distinguish the segrega- 
tion of the A and B characters in the sperm of an individual 
of group AB. 

Specific absorption of A and B iso-agglutinins, and their 
subsequent elution, have indicated the presence of the corres- 
ponding antigens in human cornea (Nelken, Nelken, Michael- 
son & Gurevitch, 1956) and in leucocytes (Berroche et al. 
1955). 

The only investigation so far published in which the 
fluorescent antibody method was used to reveal the distribu- 
tion of blood-group substances was that by Glynn, Holborow 
& Johnson (1957) on the distribution in human gastric and 
duodenal mucosa of A, Le* and H substances. The specificity 
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TABLE I. PRECIPITIN REACTIONS OF RABBIT ANTI- 





SERA TO BLOOD-GROUP ANTIGENS (Giynn, 
Holborow & Johnson, 1957) 
Blood-group substances 
(batch numbers are given in brackets) 
Antisera ra Le® H Lede 
(203/112/1) (199/1) (93/53) (172/123) 

Anti-A ++++ 0 0 0 
Anti-Le® 0 tt+t++ 0 0 
Anti-H (+) (+) bap ++ 


* This preparation showed both H and Le? activity. 


Precipitin reactions (+-+-++ to 0) show the best reaction be- 
tween neat antisera and antigen dilutions in the range 10-* to 10-5. 


of the sera used in that work is shown in Table I. Their 
essential findings, illustrated by Plate I, A-J, and summarized 
in Table II, showed that there was a characteristic distribution 
in the different anatomical sites from cardia to duodenum, 
that secretors were distinguishable from non-secretors and 
that the substance in the parietal cells was of the ethanol- 
soluble variety. In the body of the stomach the demonstrable 
blood-group substances were confined to the surface cells, 
foveolae, neck cells and parietal cells, whilst in the pylorus all 
the epithelial cells gave a positive reaction. 

In the duodenum the substances occurred mainly in the 
goblet cells and in the cells of Brunner’s glands. The effects 
of the secretor status appeared to be confined to the specificity 
of the blood-group antigens in the superficial epithelium of 
both stomach and duodenum. In the mucosa of secretors, 
the specificity of the main antigen in this zone corresponded to 
the A or B antigens on the individual’s red cells, although 
traces of Le* substance were detected in some secretors. In 
non-secretors no A or B antigens were found in this zone, 
their place being taken by large amounts of Le* substance 
which, however, was never found outside this layer. A 
brilliantly stained zone of A or B antigen was invariably found 


corresponding to the neck cells irrespective of secretor status. 
Material with H-specificity was more varied in distribution. 
Independently of the ABO group or the secretor status, it was 
always found in the superficial epithelial layer in both stomach 
and duodenum, and never in the parietal cells even in in- 
dividuals of group O. It was invariably absent from the deeper 
layer of the body mucosa, but its presence in the corresponding 
layers of the pylorus and duodenum showed no correlation 
with ABO group or secretor status. 

We are at present unable to present as full a picture of the 
distribution of blood-group antigens in the other organs of 
the human body, but the results obtained so far are presented 
below. 


a. Alimentary Tract and Associated Organs 
i. Salivary Glands 


Material has only been obtained post mortem and exclu- 
sively from secretors. In three parotid glands no specific 
staining has been obtained but, in five submaxillary glands of 
group A, strong positive staining was produced with fluores- 
cent anti-A sera. This was confined to the mucous cells, the 
serous cells being consistently negative (Plate II, K). The 
staining of the duct epithelium was slight or absent. Although 
H substance is usually present in the saliva of secretors, we 
have demonstrated its presence in only one of these five 
specimens and then only poorly. 


ii. Jejunum 
In a single biopsy specimen from an individual of group B 
and of undetermined secretor status, specific material was 


found faintly outlining the epithelial cells of crypts and villi 
and more conspicuously in the striated border. 


iii. Colon 
In two specimens of colon resected for carcinoma from 


group A patients of undetermined secretor status, only traces 
of specific staining were found in the mucosa. 


iv. Pancreas 


Unfortunately the pancreas at post-mortem has usually 
proved unsuitable for study, but, in two young infants, clear 


TABLE Il. DISTRIBUTION OF BLOOD-GROUP SUBSTANCES IN STOMACH AND DUODENAL MUCOSA (Glynn, 
Holborow & Johnson, 1957) 





Body of stomach 
Mucosal layer 


Secretor 


Non-secretor 





Superficial (surface A, B++ A, B— 
epithelium and foveolae) 
H++ H++ 
Les(+) Le++ 


_-_—-—-————— 


Deep (glandular portion) A, B+ (parietal cells only) 
H— 


Les— 


++, + indicates conspicuously present 








() indicates traces sometimes present 


Pylorus Duodenum 











Secretor Non-secretor Secretor Non-secretor 
A, B++ A, B— A, B++ A, B— 
(goblet cells) 
H++ H+-+ H+ or — H+ or — 
(goblet cells) (goblet cells) 
Le*(+) Le*++ Le*(+) Le*++ 
(goblet cells) 
A, B++ A, B++ 
H+ or — H+ or — (Brunner’s glands) 
Les— Le*— 


indicates absent 
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Staining for A substance was given by the majority of the cells 
in the islets of Langerhans. Pre-treatment of the sections with 
ethanol prevented this staining. 


v. Liver 


Only post-mortem material has been available and no 
blood-group substances have been found in any of the few 
specimens investigated. 

With the exception of the islets of Langerhans, specific 
staining in all the above specimens was unaffected by pre- 
treatment of the sections with 90°% ethanol. 


b. Lung 


Specimens from two secretors, A and AB respectively, 
when stained for A substance showed a strongly positive 
reaction in the mucus-secreting cells of the bronchi and in the 
intraluminal secretions. Specific but not uniform staining 
was also given by the intercellular matrix of the cartilage 
plates in the bronchial walls. Unlike the specific material in 
the mucosa, this cartilaginous material was ethanol-soluble. 


c. Breast 


In a single specimen from a nulliparous woman 25 years 
old, a group A secretor, positive staining was given by the 
acinar cells but not by the cells lining the ducts. 


d. Kidney 


Of four kidneys from group A subjects that have been 
studied, only one showed specific staining of the glomerulus, 
which appeared to be limited to the basement membrane. 
This kidney was obtained from an infant that had died from 
erythroblastosis. All four kidneys showed specific staining in 
the cells of the collecting tubules in the inner medullary zone. 


e. Capillaries 


Specific staining was not infrequently seen in the capillary 
walls of the organs and tissues studied. The photomicro- 
graphs on Plate II, L—P, show this capillary staining in the 
thyroid, subcutaneous tissue and auricular appendage. So 
far this vascular staining has been invariably prevented by 
pre-treatment with 90% ethanol. We are not at present 
prepared to say precisely where in the vessel wall the specific 


PLATE I. 


Mucosa from body of stomach (group A secretor), stained 
with rabbit anti-A fluorescent conjugate. Epithelium of 
surface and foveolae strongly positive for A substance; 
parietal cells also positive 


FIG. A. 


(magnification x 40) 
FIG. B. Mucosa from body of stomach (group AB non-secretor), 
stained with anti-A conjugate. Surface and foveolar 
epithelium negative; neck cells and parietal cells positive 


for A substance (magnification x 40) 


FIG. C. Mucosa from body of stomach (group AB non-secretor), 
stained with anti-A conjugate. Pre-treatment of section 
with 90% ethanol has abolished the parietal cell staining; 


neck cells still stain (magnification x 40) 


FIG. D. Mucosa from body of stomach (group A non-secretor), 
stained with anti-Le2 conjugate. Staining of surface 


epithelium and foveolae only (magnification x 40) 
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substance is found, as it is extremely difficult with fluorescent 
microscopy to differentiate the endothelial cytoplasm from 
the underlying basement membrane. From the appearance of 
specifically stained renal glomeruli, however, we feel that it 
is more likely to be in the basement membrane. The blood- 
group material associated with capillaries has been found to 
possess A- or B-specificity in accordance with that of the red 
cells. H substance has not been identified with certainty and 
we have never succeeded in showing Le* substance in this 
location. 


f. Miscellaneous Materials 


Specific staining has been obtained in the pituitary (Plate 
II, Q) and in the thymus. It is of interest to note that in both 
these glands the blood-group materials are confined to epi- 
thelial structures. In the pituitary both A and B substances 
have been identified in the colloid and in the cells of the pars 
intermedia, whilst, in the thymus, A substance was con- 
spicuous in the Hassall’s corpuscles. 

In our original paper (Glynn et al. 1957) we described a 
carcinoma of the stomach in a group A secretor in which the 
cancer cells stained specifically for A substance (Plate II, R), 
this being strikingly reduced by pre-treatment with 90% — 
ethanol. This result, which we have confirmed in three more 
specimens, suggests that, at least as far as the production of 
blood-group substance is concerned, malignant cells more 
closely resemble parietal than superficial cells. 


3. Discussion 


It must first be emphasized that the methods that have been 
used up to now to investigate the distribution of the various 
blood-group substances within the animal body all have 
quantitative limitations and that the fluorescent antibody is 
probably the least sensitive method of all. Thus Alexander 
(1958) has found that failure to reveal specific blood-group 
sites on red cells is mainly due to their too sparse distribution: 
species antigens were readily revealed. It is important, there- 
fore, to bear in mind that present failure to demonstrate 
specific blood-group antigens in a given site might well be 
the result of the quantitative inadequacy of the methods 
employed. 
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FIG. E. Pyloric mucosa (group A secretor), stained with fluorescent | 
anti-A conjugate. Both superficial layer and deeper pyloric 
glands stain brightly for A substance (mucosal surface at 
top left) 


(magnification x 4) 


FIG. F. Pyloric mucosa (group A non-secretor), stained with 
anti-A conjugate. Superficial zone negative; deep pyloric 
glands positive (magnification x 4) 
FIG. G. Mucosa from first part of duodenum (group A secretor), 
stained with anti-A conjugate. Goblet cells of villi and 


Brunner’s glands positive (magnification x 4) 


FIG. H. Mucosa from body of stomach (group O secretor), stained 
with anti-H conjugate. Positive staining present only in 
surface epithelium and foveolae; no parietal cell staining 
(magnification x 40) 
Mucosa from body of stomach (group A secretor), stained 
with anti-H conjugate. Only surface epithelium and 
foveolae positive (magnification x 4) 


FIG. J. 
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PLATE Ii. 


FIG. K. Submaxillary gland (group A secretor), stained with anti-A 
conjugate; section pre-treated with ethanol. Mucous cells 
positive; serous cells negative (magnification x 40) 
FIG. L. Thyroid gland (group A infant), stained with anti-A 
conjugate; low-power magnification. Blood vessels of 
interfollicular connective tissue stain brightly 

(magnification x 40) 
FIG. M. Thyroid gland (group A infant), stained with anti-A 
conjugate; high-power magnification, showing specific 


vascular staining (magnification x 160) 
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FIG. N. Subcutaneous tissue (group A adult), stained with anti-A 
conjugate; high-power magnification. Specific staining of 


capillaries (magnification x 160) 
FIG. P. Left auricular myocardium (group A infant), stained with 
anti-A conjugate; high-power magnification. Specific 
capillary staining (magnification x 160) 
FIG. Q. Pituitary, pars intermedia (group A), stained with anti-A 
conjugate. A follicle with cells and colloid showing 
positive staining (magnification x 40) 
FIG. R. Carcinoma of stomach (group A secretor), stained with 


anti-A conjugate. Shows positive staining in the tumour 


cells infiltrating the submucosa (magnification x 70) 





Despite the obvious gaps in our present knowledge of the 
distribution of the blood-group substances in man, some 
generalizations appear justified. Thus the A and B substances 
apparently exist exclusively in the ethanol-soluble form in the 
parietal cells of the stomach and, when present, in the walls 
of capillaries. Failure to detect a corresponding substance in 
these sites in group O individuals may well be due to the 
absence of a specific anti-O serum. The only sera available 
to us had anti-H-specificity as distinct from anti-O-specificity 
(Watkins & Morgan, 1955) and might therefore be inadequate 
to reveal the presence of O substance, if such exists. 

The difference found between secretor and non-secretor 
mucosa in the stomach is simply a difference in specificity of 
part of the blood-group substance present in the surface 
epithelium and the gastric pits. For example, in group A 
individuals, A substance is invariably present in conspicuous 
amounts in the mucous neck cells, irrespective of the secretor 
status. The more superficial epithelium in group A secretors 
contains both A and H substances and sometimes traces of Le* 
substance. In group A non-secretors, on the other hand, this 
superficial zone is characterized by Le* and H substances 
with no demonstrable A substance. The same zone in in- 
dividuals of group O contains H substance independently of 
the secretor status but, as in group A individuals, the presence 
of Le* in significant amounts occurs only in non-secretors. 
This mutual relationship of these blood-group substances is 
most easily explained on the hypothesis discussed by Watkins 
& Morgan (1955) that H substance is a precursor of A or B 
substances which appear only as a result of the action of the 
corresponding'A and B genes upon this basic material. This 
hypothesis might well be extended to include Le* and perhaps 
Le’ substances also as products of the appropriate gene 
actions upon the H substance. Furthermore the conspicuous 
presence of A substance in the mucous neck cells of the 
mucosa of non-secretors and its absence from the more 
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superficial zone are in harmony with the findings of the histo- 
logists that the desquamated superficial cells are replaced 
from the cells of the foveolae and not from the neck cells. 

The presence of H substance in the superficial mucosa of 
non-secretors is perhaps surprising, but the positive staining 
cannot be attributed to anti-Le” activity in the serum, since 
Le” is never produced by non-secretors (Grubb, 1951; 
Ceppellini, 1955). If, however, H is a precursor of Le* sub- 
stance, then its presence in this zone is understandable. 

The situation with regard to the submaxillary gland has 
not yet been adequately studied, but it is remarkable that 
even in secretors little H substance has been found, despite 
its demonstrable presence in the saliva. Perhaps it exists in a 
non-precipitable form in these glands and consequently 
cannot be demonstrated by means of fluorescent antibody. 
Alternatively, post-mortem change may account for its 
absence from the specimens studied. 

The significance of the distribution of the blood-group 
substances in the human body as delineated by the several 
techniques considered above is unfortunately quite obscure. 
Their existence in two distinct forms, one consisting exclu- 
sively of sugars and amino acids, the other containing in 
addition some lipid component, suggests that as a group they 
might play a role in membrane permeability. Their distribu- 
tion in capillary walls and on cell surfaces would not therefore 
be surprising, but it is quite premature to attempt any 
explanation of their presence in such sites as the islets of 
Langerhans or Hassall’s corpuscles. Their wide-spread dis- 
tribution, however, both in the individual and in the biological 
world at large, must surely imply that whatever functions 
they perform are fundamental. 
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Most of the blood-group antigens appear to be an integral 
part of the red cell. Work on transfused red cells and blood- 
group chimeras suggests that this is true of all the human 
blood-group systems except the Lewis system. The Lewis 
system is primarily a system of soluble tissue antigens (Grubb, 
1951), and the antigens on the red cells are acquired by 
adsorption from the serum. The ABO system occupies an 
intermediate place for, like the Lewis system and unlike the 
others, ABH substances are present in water-soluble form in 
the secretions of about 75% of Caucasians. Two blood- 
group systems in animals show close parallels with the Lewis 
system, the J system of cattle and the R system of sheep. It is 
these three systems which will be discussed in this paper. 


1. Salient Properties of the Lewis System 


The Lewis blood-group system is unique in that the anti-Le* 
antibody (first described by Mourant in 1946) detects a red- 
cell antigen which to a close approximation is inherited as a 
Mendelian recessive character (all other red-cell antigens are 
co-dominant). In 1948 Grubb found that no persons whose 
red cells are Le(a+) secrete A, B or H substance in their 
saliva. The Le* antigen is present in most human salivas and, 
in the case of Le(a+) people, also in the serum (Grubb, 
1948; Brendemoen, 1949). It is a mucopolysaccharide similar 
to the A, B and H substances (Annison & Morgan, 1952). 
Anti-Le® was reported by Andresen (1948b) and agglutinated 
nearly all Le(a—) red cells of groups O and A,. A, cells 
showed a high frequency of Le(a—b—) reactions. Le” sub- 
stance is found in the saliva of most secretors of A, B 
and H substances (Grubb & Morgan, 1949; Grubb, 1951). 
Lewis antibodies are usually naturally occurring and are found 
in the serum of Le(a— b—) people. 

It is not widely recognized that there are two types of Le” 
antibody (Brendemoen, 1950). Both types give identical 
reactions with O and A, red cells, but differ in other respects; 
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the information is still too scanty to say whether the following 
properties are always associated, but they have been so in 
our experience. 

1. Some anti-Le” sera are neutralized by the salivas of all 


ABH secretors, both of Le(a—b+-) persons and of 
Le(a—b—) persons, but apparently never by salivas of 
Le(a+b—) persons. The Le” red-cell character as defined 
by them shows marked epistatic suppression in the presence 
of the A, gene. 

2. Other anti-Le” sera are not neutralized by the saliva 
of Le(a—b—) ABH secretors, though they are neutralized 
by saliva of Le(a—b+) persons. They are inhibited by 
the saliva of a small proportion of Le(a+-b—) persons, and 
show little epistasis with the A, gene. 

We shall refer to type 1 and type 2 as anti-Le”, and anti- 
Le”, respectively, and the corresponding antigens as Le’, 
and Le’,. 

There are four well-recognized phenotypes in adults of 
groups O and A, (see Table I). A, and A,B persons can 











TABLE |. THE FOUR MAIN LEWIS PHENOTYPES AS 
DEFINED BY SECRETIONS ONLY 

Saliva antigens Approximate 

Red-cell frequencies in 

antigens European adults 
ABH Lea Leb, Leb, (%) 
Le(a—b+) + + + + 70 
Le(a+b—) ~ + — ~ 20 
Le(a—b—) + an + _ 8 
Le(a—b—) _ _ - — 2 


usually be allocated correctly to these four phenotypes by the 
use of anti-Le”, and saliva tests, and the frequency of the 
phenotypes so determined is independent of the ABO groups. 

The work of Andresen (1948a, 1948b), Jordal & Lyndrup 
(1952), Jordal (1956) and Speiser, Meznik-Schénbauer & 
Kiirsten (1956) shows that new-born infants are Le(a—b-—); 
the antigens appear on the red cells after some weeks, and 
then most children are Le(a+-) and many are Le(a-+-b+). 
New-born infants may secrete Le* substance (Speiser et al. 
1956). Cutbush, Giblett & Mollison (1956) found traces of 
Le* antigen on O Le(a—b-+) red cells, but not on A, 
Le(a— b+) cells. 


A number of additional saliva phenotypes have also been | 


described (e.g., Grubb, 1951). These seem to be most common 
in non-European populations (Miller, Rosenfield, Vogel, 
Haber & Gibbel, 1954; Barnicot & Lawler, 1953; Polunin & 
Sneath, 1953). 

Andresen & Jordal (1949) described a serum called anti-X, 
which reacted with all Le(a+b—) and Le(a—b-+-) cells. It 
is possible that it is a mixed Le* and Le” antibody (see Race 
& Sanger, 1958), though Jordal (1956) found Le(a— b— X+) 
red cells in infants. X is not suppressed by the A, gene 
(Jordal, 1957). Iseki, Masaki & Shibasaki (1957a, 1957b) 
have described anti-Le*, which agglutinates only Le(a—b—-) 
cells and which is inhibited by saliva from Le(a—b-) 
persons. Further work will be needed to see where this 
antigen fits into the Lewis system. Recently Andersen (1958) 
has described an antibody (Magard), with the peculiar pro- 
perty of agglutinating only blood from persons who are 
group A Le(a—b—) and secretors of ABH, but which is 
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apparently neutralized specifically by A substance. Further 
work on this—particularly transformation studies—is eagerly 
awaited. 


2. Lewis Substances in Serum 


The work of Grubb & Morgan (1949), Brendemoen (1949, 
1950), Miller et al. (1954), Sneath & Sneath (1955) and 
Makela & Makela (1956) shows that Le* substance is readily 
detectable in the serum of Le(a+b—) persons but not of 
Le(a—b+) persons, and that Le” substance is detectable 
in the serum of Le(a—b-+) persons but not of Le(a+b—) 
persons. In Le(a—b—) persons neither is detectable. 
Makela & Makela found that the Le” substance in serum was 
poorly inhibitory to anti-Le” sera, though it could be readily 
demonstrated by transformation of cells from Le(b—) to 
Le(b+). 


3. Adsorption of Lewis Substances on to Red Cells 


The ease with which Le* antigen washes off red cells 
(Brendemoen, 1949; Grubb & Morgan, 1949), the work on 
J in cattle and the curious change in Lewis phenotype during 
infancy suggested that the Lewis antigens on red cells might 
be derived from the serum, and we were able to demonstrate 
that this was so (Sneath & Sneath, 1955). We first examined 
blood from patients receiving blood transfusion in which 
the Lewis phenotype and also some other blood group 
differed in donor and recipient. A recipient who was cDE/cde 
Le(a—b-+-) received a transfusion of CDe/cde Le(a+b-—) 
cells. When the two kinds of blood in post-transfusion 
samples—taken one and 20 days later—were separated by 
differential Rh agglutination, the donor’s cells were found to 
be Le(a+b+). They had thus acquired the Le” antigen. 

In-vitro experiments gave similar results. Packed red cells 
of A, Le(a—b+), A, Le(a+b-—) and A, Le(a—b-—) 
phenotypes were suspended in their own and in each other’s 
heparinized plasma, to give a 10% suspension. Streptomycin 
and terramycin in final concentrations of 2 mg./ml. and 
0.1 mg./ml. respectively were added to maintain asepsis, 
and the mixtures were continuously shaken at 35° C. The 
plasma was renewed every 24 hours. Within 24 hours 
Le(a+b—) cells in Le(a—b+) plasma had become 
Le(a+b+). Similarly Le(a— b+) cells in Le(a+b—) plasma 
became Le(a+b+). Le(a—b—) cells became Le(a—b-+-) 
in Le(a—b+) plasma, and Le(a+b-—) in plasma from an 
Le(a-+b—) person. The results were the same when O cells 
and plasma were used. The Le(a—b+-) and Le(a+b-—) cells 
in Le(a—b—) plasma gradually lost the Lewis antigens and 
after three days were giving very weak reactions. In these 
experiments both Le”, and Le”, antisera were used, with 
similar results. 

Makela & Makela (1956) confirmed these findings for the 
Le’ antigen. They were unable to effect transformation with 
Saliva containing Le® substance. They also found that A, 
Le(b—) cells could readily be transformed to Le(b+-), and 
that plasma from five A, Le(b—) secretors of Le” substance 
did not transform O Le(b—) cells, thus showing that the 
epistasis between Le” and A, is due to lack of Le” substance 
in the plasma of A, persons. They also found that plasma of 
new-born children was unable to transform red cells, though 
the red cells of new-born children could be transformed by 
suitable plasma from adults. We have found that Le(a— b—) 
cells of the new-born can acquire the Le* antigen from plasma 
of Le(a+b—) adults. 
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In 1957 Nicholas, Jenkins & Marsh reported a third 
example of blood-group chimeras in man, in which the twins 
were of different Lewis groups. One twin was L(ea—b-+). 
The other was Le(a+b—). However, all the red cells 
present in the blood of the first twin were Le(a—b+), 
though some cells, as shown by their blood groups other than 
Lewis, were derived from the second twin, and all the cells 
in the second twin were Le(a+b—), though some were 
shown to be derived from the first twin. The Lewis groups 
of the foreign cells had thus been transformed. 


4. Family Studies 
Work on the Le* red-cell antigen is ably reviewed by Race 
& Sanger (1958). Andresen, Andersen, Jordal & Henningsen 
(1950) and Jordal (1958) report families whose red cells were 
tested with anti-Le* and anti-Le”. Table II gives our own 


TABLE II. 239 FAMILIES WITH 536 CHILDREN TESTED 
FOR RED-CELL ANTIGENS Le* AND Le” 


Mating Children 


Type Number |Le(a— b +) /Le(a+b—)jLe(a—b—)] Total 


Le(a—b+)xLe(a—b+)]} 122 228 32 19 279 

Le(a—b+) x Le(a+b—) 65 8\ 46 5 132 

Le(a—b+) x Le(a—b—) 30 48 12 1 7 

Le(a+b—)xLe(a—b—) 13 17 18 3 38 

Le(a+b—) x Le(a+b—) 8 0 15 0 15 
) | 


Le(a—b—) x Le(a—b— 





167 of these families have been previously reported for red-cell 
reactions with anti-Le* (Thompson, 1953). 


results on families tested for the red-cell antigens Le* and 
Le’. The anti-Le® used was of type 2 and gave the same 
Le(a—b-+-) frequency for O, A, and A, bloods. The most 
interesting point is that Le(a—b-+-) children can result from 
Le(a+b—) XK Le(a—b—) matings. 

Table III shows the results on the families tested for 
salivary secretion of ABH and Lewis substances also. Besides 
the four main phenotypes, two rarer types were found. One 
consists of persons who are Le(a—b-+-) but who secrete 
little if any Le* substance. Grubb (1951) has also reported 
such reactions. We find that this type secretes both Le”, and 
Le”, substances. The other consists of Le(a+-b—) persons 
whose saliva neutralizes anti-Le®, sera but not anti-Le’, 
sera. Brendemoen (1950) first reported these. The Le”, pro- 
perty of the saliva behaved in these families as a dominant, 
being always associated with ABH secretion. The Le”, pro- 
perty.of saliva does not behave as a dominant, since it occurs 
in the Le(a—b-+-) children from Le(a+b—) x Le(a—b—) 
matings. 

The different genetic theories of the Lewis groups (Andresen 
et al. 1950; Grubb, 1951; Pettenkofer, 1953; Wiener, 1954; 
Ceppellini, 1955) will not be discussed here. No single theory 
explains all the facts, and many more family studies are 
required. It is even uncertain if there is an Le’ gene (Race & 
Sanger, 1958). One important observation is that of Levine, 
Robinson, Celano, Briggs & Falkinburg (1955), in which a 
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TABLE Ill. 52 FAMILIES WITH 109 CHILDREN, TESTED FOR ABH SECRETION AND FOR LEWIS ANTIGENS ON 


THE RED CELLS AND IN THE SALIVA 





Mating 













Children 



























Le(a—b+) Le(a+b—) Le(a—b—) 
each whe oad ot nae seal Saliva Saliva Saliva Saliva Saliva Saliva vom 
+++] +—-+]-+-]-++]+--]--- 
Le(a—b+) + Le(a—b+) 30 0 5 2 2 0 39 
Le(a—b+) +++ x Le(a—b+) 4 2 0 0 0 0 6 
Le(a—b+) + + + x Le(a+b—) 13 0 9 0 I 0 23 
Le(a—b+) ++4 Le(a+b—) 4 0 0 | 0 0 5 
Le(a—b+) +++ x Le(a—b—) 8 0 | 0 5 9 14 
Le(a—b+) ++ Le(a—b—) | 0 0 | | | 4 
Le(a+b—) — + Le(a—b—) 3 2 4 0 3 0 12 
Le(a+b—) —++4+ x Le(a—b—) | 0 0 | 0 | 3 
Le(a+b—) —+- ~ Le(a+b—) 0 0 3 0 0 0 3 
Total 22 5 12 2 109 
Under the headings of saliva, + denotes the presence of antigens in the saliva, which are given in the order ABH, Le* and Le®,. All secretors 


of A, B or H substances also secreted Le>, antigen, and all non-secretors of ABH failed to do so: therefore the secretion of Le, antigen is 


not separately shown. 


person known to possess the B, Le’ and ABH secretor genes, 
and to be homozygous for the “Bombay” modifier gene, 
produces Le* substance but no Le” substance, showing that 
the ““Bombay” gene in double dose has blocked the produc- 
tion of B, H and Le” antigens; this further emphasizes the 
connexion between H and Le”. In addition, Ceppellini & 
Siniscalco (1955) have reported Le(a—) children from an 
Le(a+) X Le(a+-) mating, as predicted by Grubb (1951). 


5. Similar Systems in Animals 
a. The R System in Sheep 

The R system in sheep is extraordinarily similar to the 
Lewis system (see Rendel, 1957). Ycas (1949) found that the 
R antigen was not developed on the cells of lambs at birth, 
though present in the serum. Rendel, Neimann-Sgrensen & 
Irwin (1954) converted R-negative cells into R-positive cells 
by incubation in serum from R-positive sheep. Stormont 
(1951) found a serum which reacted with R-negative sheep 
cells, defining an r (or O) antigen, and Rendel et al. (1954) 
found sheep which lacked both R and r and which were called 
i. The r antigen was also acquired from serum. They thought 
that the r substance was the product of the dominant J gene 
at a locus other than R and r, and that this could be con- 
verted to R substance by the dominant R gene. Those sheep 
which were homozygous ii could not then be R-positive even 
if they possessed the R gene. The behaviour of R is equivalent 
to Le’ and that of r is equivalent to Le*, and the matings yield 
analogous phenotypes in the offspring in the two systems. 
The r substance is present in the saliva but not in the serum 
of R-positive sheep; this is analogous to Le* substance in 
Le(a—b-+-) persons. 


b. The J System in Cattle 


Ycas (reported by Stormont, 1949) observed that the J 
antigen of cattle red cells was present in soluble form in 


plasma of J-positive cattle. Stormont (1949) converted 
J-negative cells into J-positive cells by incubating them with 
serum of J-positive cattle. At birth calves lack J on the cells 
and they acquire it after some weeks. Stone & Irwin (1954) 
observed some cattle with J substance in the serum but not on 
the red cells, and distinguished them as J*, while those with the 
substance both in the serum and on the cells were called J*. 
Cattle lacking J substance altogether were called j or j*. Patel 
& Stone (1957) found that, in general, J“ cattle had a higher 
titre of J substance in their serum than J’ cattle, and that J’ cells 
had traces of J substance on them. Anti-J occurs naturally 
in some j cattle, and its titre varies markedly with the seasons 
(Stone, 1956). Hayashi, Stone, Link & Irwin (1958) found 
J substance to be a polysaccharide, and that it was present 
in the gastric mucosa of J“ and J* cattle, and Bednekoff, 
Stone, Irwin & Link (1958) found that J substance of serum 
was a heat-stable glycoprotein (polysaccharide-protein com- 
plex) with the electrophoretic properties of «,- and «,-globu- 
lins. Recently Sprague & Stormont (1957) and Sprague (1958) 
reported another soluble antigen, O°, which reacts with anti-O 
(the same as anti-r mentioned above), and O° and J behave 
genetically very like R and r in sheep. Stormont (1949) 
observed a phenomenon in the J groups of cattle twins 
analogous to the Lewis groups in human chimeras. 


c. Relationship of R, J and Lewis Systems 


Stormont (1949) found that J was serologically related to the 
human A antigen, and Neimann-Sgrensen, Rendel & Stone 
(1954) found that R also has human A specificity, and that 
r and H (or perhaps Le”) were serologically related. There is 
also a remarkable chemical similarity between these sub- 
stances. Systems of this type may prove to be wide spread in 
animals, and the combined study of their genetics and their 
biochemistry may throw considerable light on the mechanism 
of gene action. 
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The term “blood group” is usually applied to red-cell anti- 
gens, but it may be extended to include antigens of white cells 
and platelets, serum antigens, and possibly to haemoglobins 
within the red cells. The present paper is largely concerned 
with red-cell antigens, but brief reference will also be made to 
some of these other categories of blood groups. 

A red-cell antigen is usually referred to as a blood group 
when it is possessed by only some of the individuals of a 
species. It seems reasonable, however, to regard all red-cell 
antigens as blood-group antigens, even when present in all 
the members of a species. For instance, the ““B” antigen is of 
occasional occurrence in man, but is found in all rabbits. 
Blood groups have been discovered in almost all the species 
of warm-blooded vertebrates in which they have been sought. 
The number and complexity of the blood groups discovered 
in each species bear some relationship to the intensity of the 
search, which has been most zealous in man and his domestic 
animals. 


1. Serum and Haemoglobin Groups 


Serum antigens are sometimes absorbed on to the red cells, 
and may then be detected in the same way as red-cell antigens. 
Sneath & Sneath (1955) have shown that this applies to the 
Lewis groups in man, and a similar situation applies to the J 
antigen of cattle (Stormont, 1949; Stone & Irwin, 1954) and 
to the R and r antigens of sheep (Rendel, 1957). 

Recently Grubb & Laurell (1956) and Grubb (1957) have 
demonstrated serum antigens which are not absorbed on to 
the red cells, and have shown that the serum of man can be 
divided into two groups, Gm(a+) and Gm(a—). Some sera, 
particularly those derived from patients with rheumatoid 
arthritis, will, even when diluted, agglutinate Rh-positive red 
cells sensitized with “incomplete” anti-D serum, but this agglut- 
ination is inhibited by Gm(a+) sera and not by those from 
Gm(a-—) individuals. 

Oudin (1956) and Dray & Young (1958) have been able to 
demonstrate serum groups in rabbits. Oudin injected rabbit 
antibody-antigen complexes with Freund’s adjuvant into 
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other rabbits. These recipients made antibodies against the 
serum of the donor rabbit, which were demonstrated by 
precipitin tests. Similarly, Dray & Young obtained iso-anti- 
bodies in rabbits by the injection of normal rabbit serum plus 
adjuvants. The isoprecipitins formed were tested by passive 
cutaneous anaphylaxis in the guinea-pig and also by tests on 
agar plates. The presence of numerous serum groups was 
deduced from the precipitin bands obtained. 

Similarly Dubiski, Dudziak & Skalba (1959) have been able 
to divide the serum of rabbits into D(a+) and D(a—). They 
obtained isoprecipitins in rabbits to globulins of other rabbits 
by injecting bacteria sensitized with rabbit immune serum. 
The antiserum produced acted somewhat like the rheumatoid 
arthritis serum described by Grubb & Laurell (1956) in that 
it would “‘. . . agglutinate sheep cells ‘sensitized’ with rabbit 
anti-sheep cell hemolysin”. This agglutination was inhibited 
by the normal serum of some rabbits, these being the D(a+) 
rabbits. The antisera which were capable of detecting D(a+) 
sera were also capable of producing precipitin lines with 
D(a+) sera in the gel precipitin test. Dubiski and his col- 
leagues found evidence for further serum groups in the rabbit 
and also for the presence of serum groups in the guinea-pig; 
the latter is of special interest as this is one of the few mam- 
mals where red-cell antigens have been sought and not found 
(Mynors, Heard & Coombs, 1950). Dubiski et al. (1959) have 
suggested that serum groups other than Gm(a-+) and Gm(a—) 
may be found in man if suitable techniques for stimulating iso- 
precipitins can be found. 

It is open to discussion whether the haemoglobin groups 
should be regarded as blood groups. Ikin, Lehmann & 
Mourant (1953) and Ikin, Lehmann, Mourant & Hutton 
(1955) have shown that human foetal red cells can induce in 
rabbits an antibody specific for foetal red cells. This antibody 
also reacts strongly with the cells of sickle-cell and thalas- 
saemia patients but not with normal adult red cells. This is 
probably due to the foetal haemoglobin content of the sickle 
and thalassaemia cells and suggests that antibodies that can 
agglutinate red cells may sometimes react with the contained 
haemoglobin as well as the red-cell envelope. 

Subsequently, Diacono & Castay (1956), using rabbit anti- 
body to human foetal haemoglobin in a complement fixation 
test, obtained results which suggest that quantitative antigenic 
differences may exist between several other haemoglobin 
varieties. 


2. ‘*Naturally Occurring’? Antibodies to Red-Cell 
Antigens 
The antibodies which are used to detect red-cell antigens 
may be either “naturally occurring” or “‘immune”’ in origin, 
and may be derived either from the same species or from a 


different species of animal from that in which the antigen is 
demonstrated. 


a. Origin of “* Naturally Occurring” Antibodies 


**Naturally occurring” antibodies are those for which the 
antigenic stimulus, if any, is not known, and they usually have 
their optimum temperature of reaction below 37° C. The 
serum of man normally contains naturally occurring anti- 
bodies to those antigens in the ABO system which the in- 
dividual does not possess (Landsteiner, 1901), and occasion- 
ally to antigens of other systems, e.g., P, Tj* (i.e., P+P,), M, 
N, S, Vw, M‘, Mi*, C’, C*, D, E, Lu’, possibly Lu’, Le’, 
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Le», Fy*, possibly Fy”, Wr* (for references see Race & 
Sanger, 1958, except for C* of Plaut, Booth, Giles & Mourant, 
1958). 

Sensitization by infection. Wiener (1951) considers naturally 
occurring antibodies to be of immune origin, the antigenic 
stimulus being applied through infection with organisms 
bearing corresponding, or closely related, antigens. There is 
now abundant evidence that the ABO type antigens have a 
peculiarly ubiquitous distribution. They have been demon- 
strated in Escherichia freundii (A antigen), Escherichia coli Og, 
(B antigen), Salmonella poona and Salmonella atlanta (O 
antigen) (Springer, 1956). It is therefore reasonable to suppose 
that infection could stimulate the production of antibody of 
blood-group specificity. 

More recently Soulsby & Coombs (personal communica- 
tion, 1958) have confirmed the work of Oliver-Gonzalez & 
Torregrosa (1944) in demonstrating an antigen of A-speci- 
ficity on Ascaris lumbricoides. Experimental infection of pigs 
with Ascaris enormously increased the titre of the “naturally 
occurring” anti-A in group O pigs. 

Similarly Cameron & Staveley (1957) found strong anti-P 
sera in some cases of hydatid disease in man. Investigation 
of hydatid cyst fluids showed that those containing live 
scolices were capable of specifically inhibiting strong anti-P 
sera. This may well provide an explanation for the frequent 
appearance of anti-P in mammals. 

Further evidence for the immune origin of “naturally 
occurring” antibodies may be found in studies on “‘germ- 
free” chicks. In chickens there is an antibody that reacts 
specifically with human group B cells and was formerly 
regarded as being genetically determined. Springer, Horton 
& Forbes (1958) reared chicks under normal (group 1), and 
germ-free (groups 2a and 2b) conditions and fed the latter on 
a “semi-synthetic diet, free of demonstrable blood-group 
activity’. Subsequently half of the germ-free group (2a) were 
infected with “living, smooth, blood-group B active E. coli 
O,,” and the other half (2b) were retained germ free. Ten to 
twenty days later the chicks were bled and the sera titrated 
against human group B cells, with the following results: 


(group 1) conventional control, titre 1/8-1/16; 
(group 2a) “‘ germ-free” plus E. coli, titre 1/128; 
(group 2b) “germ-free”, titre < 1/1. 


Hence in chickens the anti-human group B antibody can be 
shown to be largely of immune origin. 

Blood-group chimeras. Additional evidence for the immune 
origin of “naturally occurring’ antibodies is provided by 
blood-group chimeras. These were first described in dizygotic 
twins of cattle, and recently three cases have been reported in 
man (Dunsford, Bowley, Hutchinson, Thompson, Sanger & 
Race, 1953; Booth, Plaut, James, Ikin, Moores, Sanger & 
Race, 1957; Nicholas, Jenkins & Marsh, 1957). A blood- 
group chimera is an individual having red cells of two genetic 
types, one set belonging to himself, the other derived from a 
twin. The transference of primordial blood cells takes place 
by vascular anastomosis between the twins in utero. The 
twins’ cells are tolerated and subsequently give rise to part 
of the normal population of blood cells of the individual. The 
“true” or genetic ABO blood group of the individual can be 
ascertained from the salivary groups. In all cases reported the 
twin pairs were group O females with A cells derived from the 
twin, and group A males with O cells derived from the twin. 
Although the three women were genetically group O, they 
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had in their sera anti-B, but no anti-A. One of the women, 
however, produced an anti-A cold agglutinin when pregnant, 
but this did not react with the transplanted A cells (Dunsford 
& Stacey, 1957). If the production of anti-A and anti-B in 
group O persons were genetically determined, then one would 
have expected these chimeras to produce anti-A, and the 
transplanted A cells to be sensitized. This, however, is not 
the case. 

The fact that the foreign cells survive in the twin can be 
explained in terms of actively acquired tolerance, analogous 
to that demonstrated by Billingham, Brent & Medawar 
(1953). Assuming the immune origin of anti-A, it would be 
expected that a stimulus applied in utero (e.g., A cells) would 
suppress the formation of antibody to a later environmental 
stimulus. On the other hand, if the anti-A were genetically 
determined it is questionable whether the acquired tolerance 
could suppress the expression of a genetic character. 

Possible genetic origin. Nevertheless, the concept that 
“naturally occurring” antibodies are initially of immune 
origin is not universally accepted. Filitti-Wurmser, Jacquot- 
Armand, Aubel-Lesure & Wurmser (1954) have demonstrated 
a uniformity of physical properties of antibodies within in- 
dividuals of each genetic group, such that the anti-B in AO 
individuals can be characterized as different from that in AA 
and OO people. They have concluded (Filitti-Wurmser et al. 
1954) that “Their homogeneity in a given human serum is 
apparently due to a gene mechanism which directly controls 
their formation”. Kabat (1956) has, however, thrown doubt 
on the general applicability of this conclusion, and the present 
weight of evidence appears to lie with the immune origin of 
the so-called “‘naturally occurring” antibodies. 


b. Specificity of “‘Naturally Occurring’? Antibodies 

Naturally occurring antibodies formed the tool by which 
the ABO blood groups of man were first worked out. In a 
similar manner naturally occurring antibodies defining blood 
groups in the same species of animal have been found in 
cattle, sheep, pig, horse, cat, dog, rat and some primates (for 
references see Mourant, 1954). 

The naturally occurring antibodies of one species may 
sometimes be used to define blood-group antigens in another 
species. Before such sera can be used to distinguish groups in 
a second species, they must first be absorbed free of ‘‘species 
antibodies’. 

Using sheep sera, Matsumoto & Watanabe (1951) were 
able to demonstrate blood groups in rabbits, Lo,, Lo, and lo, 
which behaved as an allelomorphic trio. Although no direct 
comparison has been possible, these antigens may correspond 
with the allelomorphic trio of G*, G° and G* which have been 
detected in rabbits by the use of immune sera (Kellner & 
Hedal, 1953; Anderson, 1955; Cohen, 1955b; Heard, 1955; 
Joysey, 1955). Rabbit sera do not usually contain naturally 
occurring antibodies to these antigens. 

Many rabbit antisera contain naturally occurring anti-A, 
anti-B and anti-O(H) which, after suitable absorption, can be 
used to group human red cells into A,, A,, B and O categories 
(Stuart, Sawin, Wheeler & Battey, 1936; Joysey, 1956). The 
author has also found in some normal human sera weak anti- 
bodies which reacted with the red cells of some rabbits. These 
reactions could not be attributed to any of the six rabbit blood 
groups known in this laboratory, but unfortunately these sera 
were too weak for further investigation. 

Briles, Briles & Irwin (1952), following up some work of 





Olson (1943), found that normal bovine sera would specifically 
agglutinate chicken red cells. They determined the antigens 
involved and found that the bovine sera were recognizing two 
of the alleles of the A series of genes (A** and A’). 

Similarly the human P antigen can be effectively demon- 
strated by naturally occurring anti-P which occurs in the 
serum of some pigs, cattle, horses and rabbits (Landsteiner & 
Levine, 1931). 

The observation that the sera of some species of animals 
contain naturally occurring antibodies to the blood-group 
antigens of other species suggests that normal sera of animals 
(suitably absorbed to remove species antibodies) might pro- 
vide a source of reagents capable of detecting unknown 
antigens in man. 


3. Correlation of Antigens in Animals and Man 


Although extensive research has been carried out on the 
red-cell antigens within many species of animals, relatively 
few attempts have been made to correlate the antigens of 
different species. An exception to this is found in the A and B 
antigens. 


a. The A and B Antigens 


In man the A and B antigens occur on the red cells and 
tissues, and in the saliva of secretors, while with few exceptions 
anti-A and anti-B regularly occur in the absence of the corres- 
ponding antigen. In animals antigens of a broadly similar 
specificity occur sometimes on the red cells, in the saliva, or 
in both, while anti-A and anti-B frequently occur in the 
absence of the corresponding antigen. 

The variants of the A and B antigens in man have been 
reviewed by Race & Sanger (1958). Briefly, the A antigen has 
several variants, from the strongly reacting A, to the weakly 
reacting A,, whereas the B antigen is somewhat less sub- 
divided but also has strongly reacting B, and very weakly 
reacting B,, forms. 

The position of the A and B antigens in the primates has 
been reviewed by Mourant (1954). Chimpanzee red cells 
could be classed as A or O, while orang-utans and gibbons 
were A, B or AB. The gorilla (sample of one) seemed to lack 
the A and B antigens on the erythrocytes, but excreted the A 
and B substances in the urine (A in the Lowland species, 
sample of 13; B in the Mountain species, sample of two). 
Similarly the Old World monkeys lacked demonstrable A and 
B on the red cells, but many possess them as salivary antigens. 
Some species of New World monkeys possess a B-like antigen 
on the red cells, present in all individuals tested. In primates 
the arrangement of anti-A and anti-B in the serum is usually 
reciprocal to that of the A and B antigens on the red cells or 
in the saliva (for references see Mourant, 1954). 

At first sight it seems strange that the gorilla and Old World 
monkeys should lack A and B on the red cells, although the 
antigens are excreted or secreted. The red cells of man 
normally bear ABO antigens, but the antigens can be very 
weak in expression, or even suppressed altogether by the action 
of modifying genes. Bhende, Deshpande, Bhatia, Sanger, 
Race, Morgan & Watkins (1952) have described a peculiar 
phenotype which has been shown to be due to the action of a 
recessive suppressor gene x, which can inhibit the expression 
of the B and O genes on red cells and in the saliva (Ceppellini, 
Nasso & Tecilazich, 1952; Levine, Robinson, Celano, Briggs 
& Falkinburg, 1955). Weiner, Lewis, Moores, Sanger & Race 
(1957) described a case where individuals homozygous for a 
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suppressor gene y either lacked A, or had very weak A on their 
red cells, and the expression of the salivary A substance was 
partly depressed. Hence a difference of one gene could account 
for the apparent absence of antigens of the ABO series from 
the red cells of the gorilla and Old World monkeys. 

The picture of the A and B antigens in the horse has been 
confused by conflicting reports. Either or both the A and B 
antigens can be present in the saliva but could not be demon- 
strated on the red cells (Friedenreich & Thyssen, 1937; 
Adams, 1958). Adams also found that anti-A and anti-B 
could be present in horse serum, but that these bore no 
regular relationship to the salivary antigens. Indeed the same 
animal could possess the salivary antigen and an apparently 
corresponding antibody in its serum. This suggests that the 
antigen and antibody in question were not in fact of identical 
specificity. 

Cattle sera may similarly contain anti-A and anti-B, and 
the salivas of some individuals appear to contain A and B 
antigens, but these do not bear a constant relationship to the 
antibodies (Wiener, 1943). 

The J antigen of cattle and the R antigen of sheep possess 
many features in common. They are both serum antigens 
which are absorbed on to the red cells,! and absence of the 
serum antigen is usually accompanied by presence of the 
corresponding anti-J or anti-R antibody. In both cattle and 
sheep the red cells lack the antigen at birth and later acquire 
it (Stormont, 1949; Ycas, 1949; Stone & Irwin, 1954; Rendel, 
1957). Neimann-Sgrensen, Rendel & Stone (1954) demon- 
strated cross-reactions between cattle J, sheep R and human A 
antigens. They found that anti-J would react with sheep R 
and human A cells as well as with cattle J cells, and that this 
reaction was inhibited by J, R and A substances. Their 
analysis of sheep anti-R did not show a reciprocal arrange- 
ment. Anti-R reacted with sheep R cells and human A cells, 
but they were not able to demonstrate a reaction with cattle J 
cells. R and A substances could inhibit the action of anti-R 
at high dilution, as could cattle J substance at low dilution. 
Thus within the cattle J, sheep R and human A systems there 
exists a mosaic of specificities. 

A somewhat similar series of cross-reactions between the 
human A, and the pig A, antigens has enabled the demon- 
stration by Winstanley, Konugres & Coombs (1957) that 
human “natural” and “immune” (haemolytic) anti-A are of 
different specificity. Pigs may be either group A, or group O, 
and the A substance occurs on the red cells, in saliva, and 
sometimes in the serum. Pig anti-A serum derived from 
group O pigs reacts with both pig and human A cells. The 
human immune anti-A haemolysin reacts with and can be 
absorbed out by pig A cells, although the human naturally 
occurring antibody fails to react with pig A cells. The com- 
ponent of the human A antigen, which is also present on pig 
A cells, and is recognized by the haemolytic activity of the 
immune anti-A sera, has been temporarily called A”. Subse- 
quent work by Konugres & Coombs (1958) has shown that 
the antibody giving the ‘“‘Witebsky reaction” present in 
human immune anti-A sera is also of A” specificity. These 
authors have also investigated the presence of the A? antigen 
in cattle and sheep cells. They found that both cattle J cells 
and sheep R cells possessed antigen A”, while cattle j and sheep 
r cells lacked it. However, cattle J cells, and sheep R andr 
cells, all had a slight affinity for the naturally occurring anti-A 


1 See also Sneath & Sneath, p. 154 of this number of the Bulletin. 
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of man. The A? antigen was found in all the 49 samples of 
human A blood tested, including 24 cord bloods, but there 
was some variation in the strength of reaction of different 
cells. Hence, the recognition of a subdivision of the human A 
antigen, perhaps of clinical importance in relation to the study 
of haemolytic disease of the new-born, has been made possible 
by the use of animal cells. 

Many animals have the B antigen universal in the species, 
e.g., cattle, pig, rabbit and guinea-pig. Friedenreich & With 
(1933) have subdivided the B antigen of man by absorbing 
naturally occurring human anti-B sera with the red cells of 
rabbit and guinea-pig. They concluded that the B antigen of 
man consists of three partial antigens B,, B., and B;, and that 
B, and B,; can also occur in some animals. These partial 
antigens do not bear any known relationship to the various 
sub-groups of the B antigen that occur in different individuals 
in man. They considered that naturally occurring human 
anti-B always contained anti-B, and anti-B, and sometimes 
contained anti-B,, whereas animal anti-B could be either 
anti-B, or anti-B,. 

These observations suggest a possible explanation for the 
apparently simultaneous occurrence of an antigen and its 
homologous antibody in one animal. Rabbit serum may 
contain a naturally occurring anti-B to human cells, whereas 
all rabbit cells specifically absorb human anti-B from grouping 
sera. However, the ““B” and “anti-B” in the rabbit do not 
interact, probably representing different partial antigens of the 
human B complex (Friedenreich & With, 1933; Joysey, 1956). 

Owen (1954) regarded the picture presented by Frieden- 
reich & With as an over-simplification. He similarly fraction- 
ated naturally occurring human anti-B sera by absorption 
with the cells of animals bearing a B-like antigen, e.g., opos- 
sums, guinea-pigs and hamsters. On testing the absorbed sera 
against animal cells, he found that sera derived from different 
human individuals of the same blood group gave different 
patterns of cross-reaction. He concluded that the three partial 
antigens described by Friedenreich & With (1933) were in- 
sufficient to account for the diversity of these cross-reactions. 
Owen (1954) attributed the heterogeneity of antibody present 
in different individuals of the same genotype to the different 
antigenic histories of the individual, accepting the hypothesis 
of Wiener (1951) that naturally occurring antibodies are 
induced by environmental stimuli. 


b. Antigens other than A and B 


The distribution of antigens other than A and B appears 
to be limited. Antigens M and N have been found in the 
chimpanzee, and other primates possess antigens similar to, 
but not identical with, human M and N (Wiener, 1943). 
Chimpanzees probably possess antigens c, sometimes D*, and 
possibly e, but C and E seem to be absent, while some other 
primates probably possess c-like and D-like antigens (for 
references see Mourant, 1954). 

As would be expected, the red-cell antigens reflect phylo- 
genetic relationships within a group (e.g., primates) such that 
more closely related members, e.g., man and chimpanzee, 
have more antigenic factors in common than more distantly 
related members, e.g., man and monkey. 

There have been few attempts to correlate the human blood 
groups with those of animals other than primates. A direct 
Search has been made by the author to find out whether the 
human groups occur in the rabbit, or vice versa. Six reagents 
of single specificity were available for detecting the red-cell 
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antigens in the rabbit (Heard, 1955; Joysey, 1955, 1956). 
These were freed of anti-human antibodies, anti-A and anti-B 
by absorption with human group B cells, and by inhibition with 
human group A secretor saliva. The titre against homologous 
rabbit cells was not reduced, but the reagents failed to react 
either by direct agglutination, or by the antiglobulin sensitiza- 
tion test with human cells of four individuals of the following 
groups: 


A,, CDe/cde, | MNS~, P+, Lu®~, Kell, Le*~, Le®+, Fy**. 


O, cDE/cde, MNS*, P~, Lu?~, Kell~, Le?~, Le, Fy**. 
B, CDe/cde, MS*, P*, Lu*~, Kell~, Le**, Le’~, Fy*~. 
O, C’De/CDe, MNS~, P+, Lu**+, Kell, Le?~. 


This suggested that the rabbit antigens G*, G®, G*, V*, V° 
and X are not present on the red cells of man, although the 
possibility that the antigens may be present in the deeper 
structure of the cell cannot be excluded on present evidence 
(Joysey, 1956). 

In order to detect whether rabbit red cells bear human 
antigens it was necessary to employ a different technique, 
because some normal human sera already absorbed to remove 
species antibodies still contained naturally occurring anti- 
bodies to some rabbit cells. In consequence, a modified 
absorption technique was developed. The human antisera 
were diluted so that they would just agglutinate homologous 
human cells. Portions of the diluted serum were absorbed 
once with the red cells of one rabbit, and then tested against 
human red cells bearing the corresponding antigen. Control 
absorptions using human red cells either bearing or lacking 
the antigen under test confirmed that one absorption with 
positive cells removed the antibody, whereas one absorption 
with negative cells did not weaken the subsequent action with 
the test cells. Using rabbits of diverse breed and origin, it 
was found that the eight rabbits tested lacked the C and D 
antigens, and the ten rabbits tested lacked the A, M and N 
antigens from their red cells, but possessed the B antigen. 
Hence, apart from the B antigen, no overlap was observed 
between the red-cell antigens of man and rabbit. It is of 
interest, however, that Wheeler, Sawin & Stuart (1939) found 
A substance present in the tissues of some rabbits. It is not 
known whether any of the rabbits whose red cells failed to 
absorb anti-A from human grouping sera possessed the A 
antigen in their tissues, although this seems probable con- 
sidering the great diversity of breed. 


4. Blood-Group Patterns in Animals and Man 


Many laboratories are at present engaged in active research 
on animal blood groups. This work is to some extent associ- 
ated with research on haemolytic disease of the new-born, 
which occurs in some animals as well as in man.? The litera- 
ture on animal blood groups has been reviewed recently by 
Mourant (1954), and so emphasis will here be given to current 
work, and to those features in the pattern of animal blood 
groups that may have some bearing on research on human 
blood groups. 

Rabbit. The blood groups of the rabbit have recently been 
studied by Anderson (1955), Cohen (1955a, 1955b, 1956), 
Heard (1955) and Joysey (1955, 1956), and an allelomorphic 
trio called either G*, G® and G* or Hg*, Hg” and Hg” has 
been recognized. An allelomorphic pair V*, V” (Joysey, 1956) 


2 See also Fulton Roberts, p. 119 of this number of the Bulletin. 
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and numerous other individual antigens have been recognized. 
Cohen (1956) has discovered an antigen I which is formed 
only by the interaction of two genes of the allelomorphic trio, 
namely Hg‘ and Hg”. This may be analogous to the observa- 
tions by Irwin & Cumley (1945) and Miller (1956) on hybrids 
between two species of doves in which they found an antigen 
that could not be demonstrated in either parent species, and 
appeared to be formed by the interaction of blood-group 
genes of the two parent stocks. So far, interaction of blood- 
group genes to produce a “new” antigen has not been 
demonstrated in man. 

Cat. In the cat, Eyquem found four antigens, ABCD 
(Dujarric de la Riviére & Eyquem, 1953), and Holmes (1953) 
found antigens E and F (these are not related to the human 
antigens of the same names). Antigens E and F are defined 
by naturally occurring antibodies which regularly occur in the 
absence of the corresponding antigen. Individual cats may 
possess antigens EF, or F, or neither, but never antigen E 
alone. It is not known whether these antigens are controlled 
by closely linked genes, or whether EF and F represent 
variants of an antigen similar to A, and A, in man. 

Dog. In the dog, five antigens ABCDE controlled by 
dominant independent genes have been described (Christian, 
Ervin & Young, 1951; Young, O’Brien, Swisher, Miller & 
Yuile, 1952; Cohen & Fuller, 1953). Once again the notation 
is unrelated to that in man or the cat. One of the antigens D 
is defined by a naturally occurring antibody of irregular 
occurrence. Antigen A has many variants, compared by 
Christian and his colleagues to the DD* series in man. 

Horse. Early work on horse blood groups gave conflicting 
results. Adams (1958) defined two blood groups by means of 
naturally occurring antibodies which regularly occur in the 
absence of the corresponding antigens. A horse may possess 
either antigen I, or II, or I and II, or neither. These antigens 
are not related to the human A and B antigens, as was pre- 
viously believed, although anti-A and anti-B may also occur 
in the sera. Matsumoto & Watanabe (1952) have defined 
nine antigens, Podliachouk (1958) ten antigens, and Franks 
(personal communication, 1958) nine antigens, but so far no 
correlation has been achieved. 

Pig. As already described, pig red cells can be grouped as 
A or O, and group O pigs usually have anti-A in their serum 
(Saison, Goodwin & Coombs, 1955). The pig A antigen is 
absent from the red cells at birth (Goodwin & Coombs, 1956). 
It is not known whether the A antigen is later absorbed from 
the serum in a similar manner to cattle J and sheep R. Other 
pig blood groups have been recognized by Szent-Ivanyi & 
Szab6 (1954), who have defined five antigens, Andresen (1957) 
seven, Saison (1958) four, and Joysey, Goodwin & Coombs 
(1959) 11 antigens. Correlation of these antigens is now being 
carried out. Saison’s four antigens Ea, Eb, Ec and Ed appear 
to form the alleles (Ea), (EbEcEd), (EbEd) and (EcEd), which 
are inherited as units. They may either be controlled by closely 
linked genes, or be partial antigens similar to those of cattle. 

Cattle. Research on cattle blood groups has probably been 
more extensive than on those of any other animal (for 
references see Mourant, 1954). Recent studies have been 
conducted by Neimann-Sorensen (1958) and Rendel (1958). 
Currently at least 40 antigenic factors are postulated, but 
some of these factors may be quantitative variants of others. 
Regular exchanges of cattle blood take place between labora- 
tories working on cattle blood groups, but as yet the reagents 
are not fully standardized (Hall, personal communication, 
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1958). The antigenic factors segregate into at least ten in- 
dependent associations. Of these the B group contains 23 and 
the C group nine antigens. Each association of antigens at 
the B and C loci behaves genetically as a unit, which is never 
split. There may be anything from one to 23 antigenic factors 
at the B locus, which may be grouped together in more than 
80 different chromosomal combinations. Stormont, Owen & 
Irwin (1951) regard these units as being the products of single 
genes, which react with many reagents by virtue of their cross- 
reactions. 

The cattle antigenic factors and the human Rh antigens C, 
D and E are effectively inherited in a similar manner, in that 
the antigens are conveyed as a unit from parent to offspring. 
Fisher postulated that the Rh antigens are controlled by three 
closely linked gene loci (Race, 1944), whereas Wiener (1944) 
regards the Rh complex as being the product of a single gene. 
The failure to demonstrate crossing-over between human Rh 
antigens appears to favour Wiener’s hypothesis, for crossing- 
over has been demonstrated in a closely linked group of genes 
controlling red-cell antigens in the mouse (Amos, Gorer & 
Mikulska, 1955). On the other hand, the arrangement of the 
antigens in antithetical groups (e.g., C, C”, c; D, D", d; and 
E, e), and the correct predictions made possible by Fisher’s 
hypothesis, support the alternative view. Cattle antigenic 
factors have not so far been demonstrated to be arranged in 
antithetical groups, although some are demonstrably not so 
arranged. The enormous complexity of the cattle antigenic 
systems would make antithetical arrangement difficult to 
demonstrate even should such a relationship exist. 

The red cells of cattle can also be divided into groups by 
the phenomenon of agglutinability. Gleeson-White, Heard, 
Mynors & Coombs (1950) showed that cattle red cells could 
be classed as inagglutinable, moderately agglutinable, and 
markedly agglutinable, when tested with sera of infectious 
mononucleosis patients. As the absorptive capacity of these 
types of cell was the same, it was deduced that the inagglutin- 
ability was due to some sort of steric hindrance rather than to 
differences in the number of antigenic sites or differences in 
specificity. The antigenic sites were envisaged as being 
effectively sunk below the surface of the red cells, so that the 
antibody molecules could not bridge the gap between cells. 
Coombs, Gleeson-White & Hall (1951) showed this to be true 
by building up a lattice of alternate globulin (antibody) and 
antiglobulin molecules until the gap was bridged, and agglutin- 
ation occurred. The inagglutinability of some cattle cells has 
precluded the standard use of the direct agglutination test in 
cattle blood-grouping studies, and the haemolytic test is 
normally used instead. 

So far no similar factor for inagglutinability has been found 
to occur naturally in man, but Ceppellini & Di Gregorio 
(1953) noted that when human red cells were coated with the 
Vi antigen of Salmonella typhi there was considerable reduc- 
tion in their agglutinability by the blood-group antisera to the 
A, B, O, M, N, C, c, D and E antigens, although the cells 
were still able to absorb the appropriate antibodies. This 
suggests that the Vi antigen may in some way produce steric 
hindrance on the surface of the red cell, and artificially pro- 
duce an effect similar to that shown by the inagglutinable 
cattle cells. 

Sheep. Ycas (1949) has described nine red-cell antigens in 
sheep in addition to the Rr system. Stormont (1951) and 
Rendel, Neimann-Sgrensen & Irwin (1954) have shown that 
r is recessive to R, which is an unusual feature in blood groups. 
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Rendel (1957) has reported the action of a dominant modify- 
ing gene J, at a locus separate from R and r, which must be 
present before the antigens can be expressed either in the serum 
or on the red cells. Hence homozygous i individuals lack 
demonstrable R or r antigens although they can transmit the 
genes. The gene i may be regarded as a recessive suppressor 
gene analogous to the y and x genes of man (Weiner et al. 
1957; Levine et al. 1955) that in the homozygous state suppress 
the expression of the A antigen, and the B and O antigens, 
respectively. Also in man, the action of the secretor gene Se 
effectively suppresses the expression of the Le* antigen on the 
red cells but, as discussed by Race & Sanger (1958), such gene 
interaction may be more complex than is at first apparent. 
Chickens. In chickens most of the blood-group studies 
have been done on highly inbred strains. Briles and his co- 
workers (Briles, 1956, 1958) and Gilmour (1959) have corre- 
lated their work and altogether eight blood-group loci have 
been determined. The B locus of both workers determines 
multiple antigens, as in cattle, and it is of interest that the 
amount of heterozygosity at various loci is far greater than 
would be expected after the known amount of inbreeding. 
They have deduced that in the choice of stock for continu- 
ance of breeding of the pure line there is artificial selection in 
favour of heterozygotes at the blood-group loci. It has been 
observed that individuals heterozygous at several blood-group 
loci are superior to homozygotes in reproductive ability and 
viability (Schultz & Briles, 1953; Briles & Krueger, 1955; 
Krueger, Briles & Woods, 1956; Gilmour, 1954, 1958). This 
is reminiscent of the haemoglobin character for the sickle-cell 
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trait in man, which is usually lethal in the homozygous con- 
dition, although in the heterozygous state it appears to be of 
selective value in conferring some protection against a type 
of malaria (Allison, 1954). 

No such correlation between heterozygosity of red-cell 
antigens and either physical or physiological characteristics 
has so far been described in man, but these observations on 
animals suggest the possibility that such correlations may 
exist. They might be sought by statistical investigation of the 
physical and physiological characters of pairs of dizygotic 
twins of like sex who are homozygous and heterozygous for 
particular antigens. Furthermore, the relationship between 
blood groups and disease might profitably be examined in the 
light of homozygosity and heterozygosity of genes controlling 
red-cell antigens. 

Animal blood-group studies have gained much by the appli- 
cation of methods used in similar studies on man. Now, 
various phenomena and techniques which have been dis- 
covered in the course of research on animal blood groups 
might profitably be applied to man. 
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In 1888 Stillmark described powerful haemagglutinins 
obtained from the castor bean (Ricinus communis) and initi- 
ated the study of plant agglutinins. Similar agglutinins were 
subsequently found in other plants, chiefly in their seeds. 
Each of these agglutinins clumped the erythrocytes of a given 
animal species to about the same extent. The earlier literature 
has been reviewed by Ford (1913), and more recently by Bird 
(1954a, 1958), Kriipe (1956) and Makela (1957). 

It was not until the end of the last decade that the indepen- 
dent studies of Renkonen (1948) and Boyd & Reguera (1949) 
showed that certain seeds contain agglutinins clearly specific 
for some human blood-group antigens. Other seeds with 
specific agglutinins were discovered by Bird (1951, 1956, 1957); 
Kriipe & Braun (1952); Kriipe (1953, 1956); Cazal & Lalaurie 
(1952); Ottensooser & Silberschmidt (1953); Ottensooser 
(1955); Schmidt (1954); Makela & Makela (1956); Makela 
(1957); and Bachrach, Gurevitch & Zaitschek (1957). 


1. Anti-A 


Renkonen (1948) showed that some samples of Vicia 
cracca seeds contain powerful agglutinins which act much 
more strongly on A than on B or O cells. Boyd & Reguera 
(1949) found many varieties of Lima bean to contain agglu- 
tinins highly specific for A cells.' Some Lima bean agglutinins 
are exclusively A-specific when tested with red cells suspended 
in saline, but cross-react with B and O whencells are suspended 
in albumin or other colloid media, treated with proteolytic 
oo or obtained from contaminated bloods (Bird, 1954c, 

954d). 

Some other sources of anti-A agglutinins are the seeds of 
Dolichos biflorus (Bird, 1951), Lathyrus sylvestris (Cazal & 
Lalaurie, 1952), Vicia villosa (Kriipe, 1953), Vicia peregrina 
(Ottensooser, 1955), and Crotalaria aegyptiaca (Bachrach et al. 
1957). The anti-A agglutinin of Dolichos biflorus differs from 
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* Boyd had actually discovered the anti-A agglutinins of Lima beans in 1945 
(Boyd, 1955). He mentioned (Boyd, 1947) that some beans contain agglutinins 
which might exhibit a certain degree of specificity with the red cells of different 
individuals; unfortunately the detailed results of his studies were not published 
until 1949 (Boyd & Reguera, 1949). 
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other seed anti-A agglutinins in that it does not cross-react 
with B or O cells using saline, albumin or enzyme techniques 
or with cells of these groups from contaminated blood samples 
(Bird, 1954c, 1954d). 

The Dolichos biflorus agglutinin is predominantly A,- 
specific (Bird, 1951, 1952). Its affinity for A, cells is over 
500 times greater than for A,; suitable dilution of a Dolichos 
extract enables it readily to distinguish A, (or A,B) cells from 
those of the weaker sub-groups of A (or AB). The extract is 
more powerful, easier to prepare, and more stable in storage, 
than ordinary human anti-A, sera; it has proved a useful 
reagent for the routine identification of A, cells. 

Studies (Bird, 1958) of various animal antigens, known 
to be related to human A, indicate that Dolichos biflorus 
agglutinins are not specific for the Forssman antigen, the J 
antigen of cattle, the R antigen of sheep or the A antigen of 
pig. The antigen component defined by the Dolichos agglu- 
tinin is not one of the “fractions” of human A described by 
Wheeler & Stuart (1937) nor is it one of the partial group 
substances A;, Ay, Ay, Or Ayy of Terajima (Furuhata, 1947), 
but a previously undescribed heterogenic factor also present 
in the erythrocytes of sheep, goat, horse, dog and pig. 

The Dolichos agglutinin can be purified by fractional pre- 
cipitation with ethanol at low temperatures (Bird & Morgan, 
1958). The purified preparation is highly avid; A, cells are 
agglutinated in a few seconds. It acts as a powerful and 
specific precipitin, which quickly forms clearly visible pre- 
cipitates with the salivas of A secretors; a sharp distinction 
is made between A, and A, secretors. Crude Dolichos 
extracts also precipitate (Boyd & Shapleigh, 1954b), but may 
fail with A,B salivas. The purified precipitin can be used in 
qualitative and quantitative studies of the A substance. By 
its means I have demonstrated that there is no qualitative 
difference between the purified A substance from ovarian 
cyst fluids of A, and A, persons (Bird, 1958); the differences 
observed with salivas must therefore be quantitative. 


2. Anti-(A+-B) 


Agglutinins acting more powerfully on A and B than on 
O cells are present in the seeds of Sophora japonica (Kriipe & 
Braun, 1952), Coronilla varia (Kriipe, 1953), Crotalaria 
striata (Bird, 1956), Bandeiraea simplicifolia (recently har- 
vested seeds, Makela & Miakela, 1956), Calpurnia aurea 
(Bird, 1957), Crotalaria usraemonensis and Caragna frutex var. 
latifolia (Makela, 1957). The agglutinins of the two Crotalaria 
species agglutinate A cells more strongly than B; those of 
Calpurnia aurea agglutinate A and B cells to almost the same 
extent and are practically inactive with O cells; the others 
agglutinate B cells more strongly than A. Absorption: elution 
and neutralization experiments indicate that each of these 
seeds contains a single cross-reacting agglutinin. 

Extracts of ‘‘old”’ samples of Bandeiraea simplicifolia seeds 
(a year or more after harvesting) and concentrated extracts 
of those of Caragna frutex var. /atifolia are B-specific, the 
former in saline or albumin (Makela, 1957), the latter in 
saline only (Bird, 1958). However, no seed source of entirely 
satisfactory anti-B agglutinin has been discovered. 

The agglutinins of Calpurnia aurea are similar in action to 
those of human Osera; thus Calpurnia seed extract could be used 
in the rapid selection of group O bloods for emergency trans- 
fusion in areas in which there are no facilities for the storage 
of blood-grouping sera. 
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3. Anti-H 


Many seed anti-H agglutinins have been described. The 
most widely used are those of Cytisus sessilifolius, Laburnum 
alpinum, Lotus tetragonolobus (Renkonen, 1948) and Ulex 
europaeus (Cazal & Lalaurie, 1952). 

Because they agglutinate the red cells of the weaker forms of 
A (or AB) more strongly than those of sub-group A, (or A,B), 
they are useful in identifying the A, antigen, particularly 
when used in parallel with Dolichos biflorus agglutinins 
(Boyd & Shapleigh, 1954a). 

Seed anti-H agglutinins are inhibited by secretor, but not 
non-secretor, saliva (Boyd & Shapleigh, 1954c); they are thus 
potentially useful in the identification of secretors of any ABO 
group. This may serve to eliminate an important difficulty 
in determining secretor status, which is generally done by 
using a different reagent for each group. These reagents 
differ in potency so that findings of secretor:non-secretor 
frequencies may vary from one worker to another, and even 
with different ABO groups for the same worker. However, 
A,B saliva, which contains little H, may fail to inhibit (Race 
& Sanger, 1958). Race and Sanger consider that if seed anti-H 
is used to classify the salivas of all groups, it would be wise to 
check A,, A,B and B non-secretors with anti-A and anti-B. 

Avidity studies (Bird, 1958) indicate that seed anti-H 
agglutinins cross-react with the human blood-group antigen 
Le’. The best system for demonstrating this effect is the 
agglutinin of Lotus tetragonolobus and a panel of B cells. 
These observations, and a study of the literature, led me to 
postulate that Le” is even more closely associated with H than 
has been suspected. I consider that Le? is a partial specificity 
of H, which may be termed H,; H-positives are either just 
Hora broader HH,, the former are Le(b—) and the latter (the 


majority) Le(b+-); anti-H agglutinates both H and HH, cells, 
anti-Le® (anti-H,) agglutinates HH, only. Further serological, 
genetic and biochemical studies are required to test this 
hypothesis. For the present it is mentioned in hope that con- 
sideration of Le” from this angle might help to complete our 
understanding of the difficult Lewis system and its complex 
interrelationship with ABH. 


4. Anti-H + Anti-B 


The seeds of Euonymus europaeus contain separable anti-H 
and anti-B agglutinins (Schmidt, 1954). The agglutinins are 
present in the capsule which surrounds each seed, and not in 
the seed itself. The anti-H is moderately strong, but the anti-B 
is so weak that it fails to agglutinate A,B cells. Anti-H and 
anti-B agglutinins are also present in some other varieties of 
Euonymus (Kriipe, 1956). 


5. Anti-N 


Satisfactory sources of anti-N agglutinins are the seeds of 
Vicia graminea (Ottensooser & Silberschmidt, 1953) and 
certain Bauhiniae (Makela, 1957). Vicia graminea agglutinins 
act on saline suspensions of red cells; those from Bauhiniae 
generally act only on red cells in colloid media, AB serum 
being the most useful. However, concentrated or partially 
purified extracts of fresh seeds of certain varieties of Bauhinia 
purpurea agglutinate in saline (Bird, 1958; Boyd, Everhart & 
McMaster, 1958). 

Like animal anti-N agglutinins, seed anti-N agglutinins 
cross-react weakly with M cells. Vicia graminea extracts or 
purified preparations of suitable Bauhinia purpurea agglutinins 
are cheap and effective substitutes for rabbit anti-N. The 


Vicia agglutinin is the more useful, but the seeds are very 
small, and the plant indigenous to South America; Bauhinia 
seeds are much larger and are available in many parts of the 
world. 

Levine, Ottensooser, Celano & Pollitzer (1955) found Vicia 
graminea agglutinins to be more useful than rabbit anti- 
N in the determination of the MN groups of chimpanzees, 
The fact that horse erythrocytes are agglutinated by Vicia 
graminea extracts led Levine, Celano, Lange & Berliner 
(1957) to discover that certain horse sera contain natural 
anti-M, and thus to use the horse as a potent and, of course, 
abundant source of immune anti-M. 


6. Non-Specific Seed Agglutinins 

The possibility that various non-specific seed agglutinins 
are actually specific for one or other of certain blood-group 
antigens with a high incidence has been investigated (Bird, 
1958). Studies of the agglutinins of Ricinus communis, 
Canavalia ensiformis, Vicia faba, Artocarpus integrifolia, 
Butea frondosa, Phaseolus multiflorus, Lens esculenta, Phaseolus 
vulgaris and Pisum sativum showed that none of them has 
the following specificities: anti-H or anti-O, anti-I, anti-Ss 
(anti-U), anti-Tj*, anti-e, anti-Lu>, anti-k, anti-Yt*. These 
results do not exclude the possibility that one or more of the 
extracts are specific for some other “public” antigen (an 
antigen possessed by the vast majority of people (Race & 
Sanger, 1958, p. 238)), or that other apparently non-specific 
seed agglutinins have such specificity. 

Bird (1958) used precipitation tests to probe the basis of 
action of the Ricinus communis principle. Ricinus communis 
seed extracts form precipitates with both secretor and non- 
secretor salivas. Secretor salivas contain the appropriate 
ABH substances, and most contain some Le*; non-secretor 
salivas contain no ABH but almost all have abundant amounts 
of Le*. However, a precipitate is also formed with saliva 
devoid of both ABH and Le? activity. Examination of puri- 
fied blood-group specific substances and certain other 
polysaccharides showed that the Ricinus extract also preci- 
pitates A, B, H, and Le* substances, a similarly purified 
ovarian cyst mucopolysaccharide, derived from a patient 
“Fl”? and henceforth referred to as the material ‘‘ Fl’’, devoid 
of A, B, H or Le® activity, and Type XIV pneumococcus 
polysaccharide, but not Shigella dysenteriae polysaccharide, 
dextran or glycogen. 

Titration of identical concentrations of similarly purified 
samples of the various blood-group substances, the material 
“Fl”, and Type XIV pneumococcus polysaccharide against 
the Ricinus precipitin showed that the material ‘* Fl”’ and Type 
XIV had the greatest activity, H and Le* substances had less, 
and A and B substances the least. Agar-gel precipitation 
tests, by the Ouchterlony technique, showed that the Ricinus 
precipitin reacts with a single substance common to all types 
of saliva, the various purified blood-group substances, the 
material ‘Fl’? and Type XIV pneumococcus polysaccharide. 
Moreover, the Ricinus communis and Dolichos biflorus pre- 
cipitins cross-react with A substance. 

It is known that degradation of the A or B substances by 
the appropriate enzymes converts them to H substance, and 
that enzymic degradation of H or Le* substances produces 
a substance which cross-reacts to an increased extent with Type 
XIV pneumococcus polysaccharide. It is believed that this 
substance, present in unmodified form in the material “FI”, 
and in salivas without ABH or Le® activity, is the basic sub- 
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strate utilized in the production of the ABH and Le* substances. 
It is thus reasonable to assume that the specificity of the Ricinus 
communis agglutinin, which is identical with the precipitin, 
may be directed towards the chemical framework common to 
the ABH and Le? antigens. 


7. Miultispecific Cold Agglutinins 


As a rule temperature has little influence on the activity 
of seed agglutinins; an interesting exception is the remark- 
able agglutinin of Glycine soja (Bird, 1953, 1955). Extracts 
of the seeds of Glycine soja var. bansei agglutinate human red 
cells only at low temperatures. After absorption with O cells 
in the cold, the extract agglutinates only A and B cells; sub- 
sequent absorption with A cells makes the extract B-specific. 
After absorption the extract agglutinates over a wide range 
of temperatures. The specific action of the absorbed extract 
is confined to red celis suspended in saline; red cells in albumin 
are non-specifically agglutinated. Eluates from the absorbing 
cells are also non-specific. 

When the extract which is B-specific in saline, after absorp- 
tion with O and A cells, is further absorbed with B cells, it 
again becomes A-specific in saline, though it is still non- 
specific in albumin; eluates from the absorbing B cells are 
non-specific. When this A-specific material is again absorbed 
with A cells, B-specificity in saline is restored; and so on, 
until all agglutinin is removed. 

Whatever the explanation may be, it is clear that in effect 
the agglutinins are multispecific rather than non-specific. 
It is of interest that certain complete cold auto-agglutinins of 
human serum are similar to the Glycine soja agglutinins 
(Bird, 1955). 


8. Seed Agglutinins and ‘‘Transformed’’ Erythrocytes 


Kriipe & Dotzer (1957) tested some seed anti-H agglutinins 
with erythrocytes “transformed” by treatment with an 
enzyme obtained from a water vibrio. It seemed at first that 
these agglutinins could detect the T receptor of Friedenreich; 
transformed A, and A,B cells were strongly agglutinated 
by Laburnum alpinum and Cytisus sessilifolius extracts, which 
did not agglutinate untransformed cells of these groups. 
Curiously, Lotus tetragonolobus extract agglutinated some of 
the transformed cells but not others. Agglutination of trans- 
formed cells, by all the extracts, was specifically inhibited by 
H substance, so anti-H and not anti-T activity is responsible 
for these effects. 

Of the transformed cells of 73 group A, persons, 17 (23.3 %) 
were positive and 56 (76.7%) negative with the Lotus agglu- 
tinin. Kriipe & Dotzer consider that the A, antigen can be 
subdivided on this basis; they indicate that the sub-types of 
A, may be inherited characters. The percentages of positives 
and negatives suggest (Bird, 1958) that there may be some 
association with the secretor:Lewis characters. Kriipe & 
Dotzer exclude any connexion with the Lewis system because 
two Le(a+) persons belonged to different A, sub-types; 
nevertheless it is felt that the problem is worth reinvestigation; 
the Le> status of positive and negative reactors might be of 
interest in the light of my hypothesis mentioned in section 3. 


9. Seed Agglutinins in Differentiation of Animal Bloods 

Bird (1954b) and Ottensooser (1955) have shown that the 
agglutination reactions of the extracts of the seeds of several 
species of plant serve to distinguish the erythrocytes of various 
animal species; this observation may be of forensic value. 
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No serious attempt has been made to find seed agglutinins 
which detect individual differences in animals other than man. 
Dujarric de la Riviére, Saint-Paul & Eyquem (1955) found 
that Phaseolus vulgaris agglutinins fail to react with the red 
cells of some cattle, but clump those of others to titres ranging 
from 1 to 128. This seems odd; cattle blood groups, how- 
ever, are despairingly complex. 


10. ‘‘Incomplete’? Seed Agglutinins 

Many seed agglutinins, specific and non-specific, behave 
as if they were “‘incomplete”’: that is, they do not agglutinate 
red cells in saline, but do so when the cells are suspended in 
colloid media or treated with certain enzymes (Kriipe, 1954). 
They combine with red cells in saline; washed sensitized cells 
are agglutinated when the appropriate anti-(seed) protein 
serum is added, a procedure analogous to the Moreschi or 
Coombs test. 


11. Inhibition of Seed Agglutinins by Simple Sugars 


Seed agglutinins have helped to advance knowledge of the 
chemical basis of blood-group specificity. 

The human blood-group substances, A, B, H and Le’, all 
consist of the same four sugars (L-fucose, pD-galactose, 
N-acetylglucosamine, N-acetylgalactosamine) and 11 amino 
acids arranged in different ways. This subject is fully treated 
by Morgan & Watkins, on page 109 of this number of the 
Bulletin. 

To determine which of these components is primarily 
responsible for a particular blood-group specificity, Morgan & 
Watkins (1953) investigated their capacity to inhibit certain 
blood-grouping reagents. They found that certain eel anti-H 
sera are inhibited only by L-fucose and certain structurally 
related sugars. Turning their attention to seed agglutinins, 
they observed that L-fucose and related sugars inhibit the 
anti-H agglutinins of Lotus tetragonolobus but not those of 
Cytisus sessilifolius or Laburnum alpinum. These observations 
indicate that though L-fucose is an important determinant 
of H-specificity it is not the only one. 

Kriipe (1956) found that salicin inhibits the agglutinins of 
Cytisus sessilifolius and Laburnum.alpinum but not those of 
Lotus tetragonolobus. As salicin consists of glucose and 
saligenin, neither of which has any apparent connexion with 
H substance, the significance of these observations is far 
from clear. The agglutinins of Ulex europaeus are inhibited 
by both L-fucose and salicin (Makela, 1957). 

Morgan & Watkins (1953) further observed that, of the 
basic components of the blood-group substances, only 
N-acetylgalactosamine inhibits seed anti-A reagents; this 
sugar is therefore a fundamental determinant of A-specificity. 
Seed anti-(A+-B) agglutinins are inhibited by both N-acetyl- 
galactosamine and p-galactose (Morgan & Watkins, 1953; 
Kriipe, 1956; Bird, 1957; Makela, 1957; Bird, 1958); the latter 
is related to B-specificity. N-Acetylgalactosamine, however, 
is the more powerful inhibitor, even of those anti-(A-+B) 
agglutinins which are predominantly B-specific. 

None of the above sugars inhibits seed anti-N_ agglutinins 
(Makela, 1957; Bird, 1958; Boyd et al. 1958). It may thus be 
predicted that the N substance, if it is ever isolated, will differ 
markedly in composition from the ABH and Le®* substances. 

The addition of simple sugars can alter the specificity of 
certain seed extracts. The agglutinins of freshly harvested 
seeds of Bandeiraea simplicifolia, which have a non-specific 
component, become exclusively B-specific when tested with 
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red cells suspended in saline containing 2°% sucrose (Makela, 
1957). Similarly, a suitable concentration of p-galactose 
makes the anti-(A+B) agglutinin of Calpurnia aurea 
A-specific (Bird, 1958). Boyd et al. (1958) observed that 
extracts of seeds of those varieties of Bauhinia purpurea 
that contain non-specific agglutinins are made N-specific 
by the addition of melibiose or certain related sugars; the 
implications of this effect are discussed in their paper. All 
these observations suggest that cross-reacting seed agglutinins 


actually have separate combining sites for different antigen 
determinants. 


12. Nature of Seed Agglutinins 


There is evidence that seed agglutinins, like animal agglu- 
tinins, are globulins. 

The various specific seed agglutinins differ structurally from 
the corresponding iso-agglutinins. Renkonen (1950) prepared 
antibodies to Vicia cracca agglutinins and found that they 
neutralize Vicia cracca agglutinins but not human anti-A. 
Gold (personal communication, 1958) has demonstrated that 
treatment of red cells with dilute formol makes them inagglu- 
tinable by human antisera without abolishing the activity of 
seed agglutinins. Agar-gel tests (Bird, 1958) showed that the 
Dolichos biflorus precipitin reacts with a smaller part of the 
A substance than does rabbit immune anti-A. 

Monosaccharides inhibit seed but not human agglutinins. 
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Seed agglutinins, therefore, are structurally less complex. 
The dialytic and ultracentrifugal behaviour of purified 
Dolichos biflorus agglutinin indicates that its molecular weight 


is about a third of that of the human iso-antibody globulins , 


(Bird, 1958). 


13. Some Botanical Considerations 


The reason for the presence of agglutinins in seeds is 
obscure. There is no evidence to show that they are real 
antibodies. 

Specific seed agglutinins are almost invariably found in 
Leguminosae. Within this family, the tribes Vicieae and 
Phaseoleae are the most fruitful sources of anti-A, and the 
Genisteae and Loteae of anti-H. It is of interest that Genisteae 
also provide anti-(A+B) agglutinins which are pre- 
dominantly A,-specific, quite the antithesis of anti-H. 

So far botanists have taken little interest in seed agglutinins, 
It is hoped that they may be persuaded to attempt selective 
breeding to increase the agglutinin content of some seeds and 
narrow the specificity of others. An exclusively specific anti-B 
produced in this way would be of considerable value. 


* * * 


It is clear from the survey in this paper that seed agglutinins 
are useful auxiliary reagents in blood grouping and blood- 
group research. 
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Blood Groups in Man 


R. R. Race & Ruth Sanger. 3rd ed. Oxford: Blackwell Scientific 
Publications, 1958. xix + 377 pages; 31 figures. 23 x 15 cm. 
£2 2s. 


At its first appearance, this book immediately took its place as 
the leading publication on the scientific aspects of the human blood 
groups. It was then a pioneer work but, since then, despite the 
appearance of many other books on this protean subject, the second! 
and now the third editions of “‘Race & Sanger” have fully main- 
tained its primacy. The third edition has achieved the remarkable 
feat of being shorter than the second, and this despite the wealth of 
new knowledge that has been incorporated. The book has, in fact, 
been largely rewritten, with a somewhat increased emphasis on 
genetics. It remains, however, a very complete account of all aspects 
of the blood groups other than the biochemical and the purely 
clinical. To this end the very full documentation contributes greatly 
and the authors, in pruning the second edition, have wisely retained 
most of the references. 

The chapters on the ABO and Rh blood groups have been con- 
siderably shortened, yet, in their rewritten form, they present very 
clear pictures of systems that have become exceedingly complex as 
discovery has followed discovery. Nearly every blood-group system 
has, indeed, become more complex since the second edition ap- 
peared but, in the case of the Lewis groups, the genetics of which are 
especially puzzling, the authors conclude that **. . . the main 
problem of the interrelation of the ABO groups, secretion and the 
Lewis groups is nearing a solution”’. 

Following those on the separate blood-group systems are a 
number of chapters on serological and genetic topics, which have 
all been brought up to date: a new chapter has been written on the 
blood groups of twins, which includes a full discussion of important 
recent investigations on human blood-group chimeras. A final 
section entitled ‘‘Addenda”’ brings the story of new discoveries 
almost up to the time of publication. 

The book is very fully indexed and is well printed on improved 
and unusually good paper. We have found only one misprint—a 
confusion between the names of two eminent investigators. Three 
German references have been found surviving from the first edition 
without capital initials to the nouns. 

This is a book which all concerned with blood grouping should 
own, and the third edition contains so much new material that it 
should replace the second on the shelves of all who wish to be up 
to date on the subject. 

A. E. Mourant 


’ A full review of the second edition of Blood groups in man was published in 
British Medical Bulletin, 1955, vol. 11, p. 78.—ED- - . 


The ABO Blood Groups: Comprehensive Tables and 
Maps of World Distribution 


A. E. Mourant, Ada C. Kopec & Kazimiera Domaniewska-Sobczak. 
Oxford: Blackwell Scientific Publications, 1958. viii + 276 
pages; 6 maps. 19 x 26cm. £2 2s. 


Human blood-group data doubtless give the most extensive and 
detailed information on the genetic variation of populations avail- 
able for any species. The information on the ABO groups is the 
most voluminous because this system was the first to be discovered, 
the antisera are readily available and the tests are fairly simple to 
do. The great quantity of material which has accumulated from 
routine tests connected with transfusion and from special researches 
for anthropological purposes is scattered in a wide range of journals, 
some of which are hard to obtain. It is difficult to think of anyone 
better qualified than Dr Mourant to make this vast mass of data 
available to those interested in population genetics, and we are 
much in his debt for the labour and thought which he and his 
colleagues at the Nuffield Blood Group Centre have put into this 
book of tables. 


_ The work is a successor to W. C. Boyd’s compilation of 1939' and 
includes not only the material which that worker collected but vir- 
tually all published results up to the end of 1957—totalling over 
three times as much. The authors have consulted the original papers 
wherever possible and have recalculated the gene frequencies. The 
data are classified broadly under continents and countries, and for 
each sample the name of the population and place of sampling 
are given together with the phenotype numbers and percentages 
followed by the gene frequencies. Except in the case of very small 
samples, the quantity D/c is included as an index of reliability ; large 
values indicate departure from the conditions of Hardy-Weinberg 
equilibrium, owing presumably to heterogeneity of the sample or 
to technical error. Separate tables are provided for samples tested 
for the sub-group Az. The bibliography of over 1,000 references is 
followed by maps of the gene distributions in Europe and through- 
out the world. These maps have been redrawn from the data in the 
book and therefore supersede older maps from which they differ in 
a number of particulars. 

The methods adopted in presentation of the data and the prob- 
lems which arose in deciding on the best procedure are fully and 
frankly discussed in a useful introduction. The book is admirably 
produced with clear type and a stout binding, and the price seems 
to be surprisingly moderate. 

N. A. Barnicot 


1 Boyd, W. C. (1939) Tabul. biol. Hague, 17, 113 


Ciba Foundation Symposium on Medical Biology and 
Etruscan Origins 


Ciba Foundation. Edited by G. E. W. Wolstenholme & Cecilia 
M. O’Connor. London: J. & A. Churchill Ltd., 1959. xii + 255 
pages; illustrations. 21 x 14cm. £2 5s. 


The origins of the Etruscans present scholars with some intriguing 
questions. Were they native or immigrant? The evidence on which 
the experts argue is outlined in the introductory address. The 
members of this Symposium investigated the possibility that bio- 
logists might provide some data, by the examination of human 
Etruscan remains and by observations on the population of present- 
day Etruria. 

This book gives a full account of all the papers and discussions 
in a well-edited form presented in a pleasing lay-out. The papers 
fall into two main categories, archaeological and biological. The 
contributions on Etruscology which set the scene make interesting 
reading. Details about the cities of Etruria, the archaeological 
evidence, the Villanovan civilization which preceded the Etruscan 
and a description of population movements are included. A readily 
consultable map should have been provided; this omission is a pity 
because care has been taken to produce good illustrations. 

The material presented by the biologists is equally interesting but 
some of it does not appear to be completely relevant to the problem. 
The papers include descriptions of the distribution of blood groups, 
haptoglobin types and of the use of haematological data. 

The analysis of metrical data on Etruscan skulls leads the anthro- 
pologists to the conclusion that, in this respect, the Etruscans were 
not different from other ancient Italian people. In discussion such 
points as the effect of disease on the appearance of skeletal remains 
are raised. A memorandum on further osteometric studies is given 
in an appendix. 

On the subject of blood-group studies in bones a leading 
serologist remarks ‘“*. . . so far we have no real results’. This 
seems to be a fair comment. At the moment the technical diffi- 
culties have not been overcome. It is certainly desirable that tech- 
niques other than the inhibition method should be investigated since 
the results by this test have not yet proved to be sufficiently reliable. 
A laboratory has been set up at the British Museum (Natural 
History) in which techniques of blood grouping in bone are being 
studied. A memorandum on the requirements and precise instruc- 
tions on the preservation of bones are given in an appendix. 

A good account, with six maps, of the blood-group distribution 
in Italy today is given. The material was collected through the 
National Committee for the Study of Blood Groups in Italy. The 
data relating to Tuscany, Umbria and Lazio, the areas of particular 
interest to the Symposium, are not complete. A resolution urging 
the Italian Committee to undertake further research in Etruria and 
neighbouring zones is recorded. 

Sylvia D. Lawler 
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Practical Blood Grouping 


F. Stratton & P. H. Renton. Oxford: Blackwell Scientific Publi- 
cations, 1958. xxiv + 331 pages; 6 figures; 16 plates. 23 
x 15cm. £2 2s. 


The introduction gives promise of the catholic content of this 
important publication. After a brief but entirely adequate précis of 
the history of blood grouping, mention of the various methods of 
detecting the presence of blood-group antigens and antibodies leads 
to an explanation of the aetiology of haemolytic disease of the new- 
born. The introduction proceeds to comment on the ethnological 
significance of blood groups and their application to genetic studies, 
the determination of linkage and the association between blood 
groups and disease. A comparatively brief bibliography of 37 
references completes the preliminaries. 

These subjects and many more are amplified in the following 
pages. There can be no doubt that the authors have effectively 
called upon their unequalled practical experience to include much 
that has not previously appeared in other books on this subject. 
It is difficult to think of any section of blood serology which does 
not receive their attention. 

The authors’ obvious belief that those who have to perform 
blood grouping should be aware of the theory and principles 
governing the tests is in fact responsible for a less pleasing aspect 
of their work. A book on an admittedly complex subject can so 
easily become too complicated that one may doubt if all the neces- 
sary theoretical and practical information can be successfully pre- 
sented in the one book. In striving to produce a comprehensive 
work, Drs Stratton and Renton would seem to have failed to solve 
the ever-present problem of what to leave out. As a result the title, 
Practical blood grouping, is misleading. The presentation of theore- 
tical considerations, laboratory protocols, case records and tech- 
nical methods, on the same page and successive pages, in essay 
form and all in the same type-face, does nothing to assist easy 
reference. Indeed when one of the carefully numbered case records 
consists of less than two lines, one feels it serves little useful purpose. 
Essentially, however, and regardless of the publisher’s comment on 
the inside of the dust-cover, this book must properly be classified 
as a reference book for experienced workers. At its best, when one 
or other of the authors is dealing with a subject of special interest 
to him, as in the chapters on ‘Complement in blood grouping” and 
“The Rh groups’”’, the writing is lucid, informative, and invaluable. 
Elsewhere the reader may occasionally gain the impression that a 
section was composed with less enthusiasm, to fill in an otherwise 
obvious deficiency. 

A comprehensive bibliography is provided by the list of references 
at the end of each chapter, the English, Continental and American 
literature receiving equally thorough attention. 

To summarize, this book demands the reader’s concentration and 
is not suitable for beginners; but for those workers with even a 
modest experience in the field of blood grouping it will surely prove 
to be a valuable and rewarding acquisition. 


C. C. Bowley 


The Determination of the ABO and Rh(D) Blood 
Groups for Transfusion 


Medical Research Council Memorandum No. 36. (Revision of 
War Memorandum No. 9.) London: Her Majesty’s Stationery 
Office, 1958. vi + 46 pages. 24 x 15 cm. 3s. 6d. 


This booklet seeks to give, at a price which all can afford and 
with a brevity sufficient even for the busiest, an elementary account 
of the principal blood-grouping tests needed when giving trans- 
fusions. It includes, in addition to the two subjects indicated by its 
title, sections on the collection and treatment of specimens of blood, 
on direct matching tests, on the investigation of transfusion re- 
actions and on the sources of error in the tests. There is also, 
perhaps superfluously, a section describing the titration and 
standardization of ABO grouping sera. 

It is essential that such a work should give clear and precise 
instructions, and that it should be up to date and, above all, 
reliable. Some parts of this booklet meet these exacting demands 
a great deal better than others. The section on transfusion reactions 
is excellent, covering in a few pages all that is needed for a thorough 
investigation of a suspected haemolytic reaction. There is a sound 
section on the collection of samples and the preparation of red-cell 


suspensions, and some useful advice on the storage and handling of 
test sera. The reactions of the ABO blood-group system are par. 
ticularly clearly described, as are the important practical implica. 
tions of the D antigen. The detailed descriptions of individual 
techniques are good, but some of the more general advice given js 
not as clear as one would wish and it is not always certain that the 
best methods are described. For example, many people think that 
a serum—albumin mixture, which is not mentioned, is better than 
20% bovine albumin alone; some find thesingle-stage serum-enzyme 
test unreliable; and few would agree that anti-B is quite commonly 
absent in the serum of group O and group A adults. The wisdom 
of advising those who are not thoroughly experienced in the anti- 
human-globulin test to omit it when cross-matching is debatable, 
and albumin and (optional) saline tests against CDe/cDE, cde/cde 
and the patient’s own cells are inadequate for the detection of 
Rh antibodies before transfusion, even if such tests are necessary 
in addition to the cross-matching test. 

If the committee of authors could have maintained throughout 
the booklet the high standard of the section on transfusion reactions, 
a first-class introductory guide to this vitally important subject 
would have resulted. 

P. H. Renton 


Practical Blood Transfusion 


J. D. James. Oxford: Blackwell Scientific Publications, 1958, 
xi + 187 pages; 15 figures; 7 plates. 23 x 15 cm. £1 


Although during the past decade many books have been pub- 
lished on the subject of blood groups and transfusion, few have 
been written for the non-specialist reader. Dr James’s book is one 
of these few and as such it will be welcomed. 

Its nine chapters cover all facets of practical blood transfusion, 
from the collection of blood, its storage, grouping and processing, 
to the special problems of clinical practice such as open-heart 
surgery and replacement transfusion in haemolytic disease of the 
new-born. The author is Director of the North London Blood 
Transfusion Service and writes with special authority on the 
organization of transfusion arrangements within hospitals. This 
section includes a set of rules for medical and nursing staff in the 
handling of blood, which has clearly been based on a careful assess- 
ment of the means of preventing tragedies due to carelessness. Its 
general observance would do much towards making such accidents 
a thing of the past. At the same time, Dr James acknowledges that 
the post-war years have brought an increased risk of litigation to 
all engaged in medical practice, and in the final chapter he gives 
valuable advice on the legal aspects of transfusion work. 

This book contains much that will be of value and interest to all 
concerned with the practice of transfusion, whether in the wards 
or in the laboratory. Perhaps inevitably in a book of this size, 
some of the detail is sketchily presented, but references are given 
throughout to facilitate further reading. There is an adequate 
index, but I was puzzled by some of the entries. Why, for example, 
does one look in vain for “‘ Citrate toxicity’’, since this is the heading 
given to the appropriate section on page 157, at last to find it 
indexed as “* Toxicity citrate’? 

G. H. Tovey 


Comparative Aspects of Haemolytic Disease of the 
Newborn 


G. Fulton Roberts. London: William Heinemann Medical Books 
Ltd., 1957. xi + 187 pages. 19 x 13 cm. 17s. 6d. 


Dr Fulton Roberts makes it clear in the preface that he has not 
attempted an exhaustive treatise on haemolytic disease of the new- 
born, nor indeed would it have been possible in a book of this size. 
It is small enough to be carried easily and enjoyed at convenient 
intervals, falling naturally into sections and having no diagrams or 
figures to study at length. It tells much that one wanted to know 
about haemolytic disease in animals as compared to that in man, 
and the bibliography is exceptionally wide, covering medical and 
veterinary work. The early history of the disease both in man and 
animals from the mid-17th century onwards is presented in an 
individual manner in the text, with some fascinating and pertinent 
extracts in the appendix. This must have represented a very careful 
and complete search among the archives. 
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The first half of the book contains a description of the disease 
in man and its causation and effect which, designed for those whose 
main interest is in young animals, is explicit and clear. It fairly 
represents current thought. Some might consider the section on 
kernicterus overweighted, taking into account that with adequate 
treatment by exchange transfusion this complication is rare. It is, 
however, one aspect of the disease about which there is not general 
agreement, and Dr Fulton Roberts has given an expert account of 
the various factors involved and of the possible nature of the 
kernicteric pigment. The section on serological considerations, 
particularly, is stimulating in pointing out how many answers still 
elude and how much work there is still to be done. 

The book is informative also for those whose work is concerned 
only with the disease among human beings, for a short, clear 
description of the field disease in the horse and mule and in the 
pig is included, and such a corporate assessment would be difficult 
to obtain otherwise through the various sources of information. 
An account is given of the experimental production of the disease 
in the guinea-pig and rat, the dog and the rabbit. Points of differ- 
ence are emphasized and discussed, as are the similarities. In par- 
ticular it is stressed how in all species the first 48 hours of life are 
usually decisive. 

Only one page is allotted to the treatment of the disease in ani- 
mals, and more would have been welcomed about animal antigens 
and serology, presented in the same way as the remainder of the 
work, for Dr Fulton Roberts has a happy knack of selecting salient 
points and presenting them individually and with the least con- 
fusing terminology. 

Work is advancing rapidly and all those with any veterinary 
interest will no doubt want to regard the book as a serial and will 
be awaiting a next instalment with interest. Meanwhile, it gives 
a clear present-day picture of the disease and should be enjoyed 
now. 

S. Murray 


Haematological Technique for Medical Laboratory 
Technicians and Medical Students 


E. M. Darmady & S. G. T. Davenport. 2nd ed. London: J. & A. 
Churchill Ltd., 1958. viii + 244 pages; 23 figures; 4 plates. 
25 x 16cm. £1 4s. 


After four years, a second edition appears of this well-known 

practical work, speaking well for its popularity. An increase in 
size from 197 to 244 pages has been accompanied by a modest 
increase in price of 6s. The additional matter mainly comprises 
four chapters on blood groups, serological and cross-matching 
work, and blood-transfusion reactions, thereby correcting a de- 
ficiency in the original edition and considerably enhancing the all- 
round usefulness of the work. The practical details in this section 
are good, but there are no precise directions for preparing Coombs’s 
reagent. 
_ Chapters 1 to 17 follow the pattern of the first edition, with little 
increase in length or fundamental change, though there has been 
a good deal of revision. Throughout, the approach is that of 
simplified presentation of the practice of haematology, admirably 
adapted to the needs of the technician in training, the medical 
student, and also the young pathologist. This inevitably means that 
the authors must select the more theoretical aspects of their material 
with wisdom, assurance and authority from a subject which is 
broad in scope, often controversial, and often rapidly advancing. 
In general, this is accomplished with great success, and the faults 
are minor ones. Many chapters end with short but helpful lists of 
references, and there is a rather brief guide to further reading. 

Morphological aspects of haematology are dealt with clearly, 
and important subjects such as the recognition of megaloblastic 
haemopoiesis are stressed. Cell-counting procedures are clearly 
described, but the chapter dealing with the theory of the errors 
involved might well be placed immediately after that on enumera- 
tion of erythrocytes. Methods for haemoglobin estimation receive 
adequate attention, but it should be mentioned that the Protein 
Commission of the International Union of Pure and Applied 
Chemistry now recommends that the iron content of haemoglobin 
should be accepted as 0.338% (w/w). Figure 8, on the biosynthesis 
of haemoglobin, is confused (and ferritin is mis-spelt), and a clearer 


diagram of this subject, and of iron metabolism, could be con- 
structed in the light of present information. It is a pity that nothing 
is said about either vitamin B,, or haptoglobin. Haemophilia and 
Christmas disease are not entirely confined to the male sex; the 
Stuart-Prower factor is not mentioned. The chapter on malaria in 
the first edition has been deleted, and a short new chapter on 
elementary genetics introduced, which is very interesting and con- 
tains much information, though it is difficult to present such a 
subject in only three pages. Mendel’s name occurs only in the 
glossary, and although it is a minor point in this context, a number 
of reports in recent years indicate that 46 rather than 48 may be 
the normal human diploid chromosome number. 

The production of the book follows the style of the first edition, 
and is clear and attractive. There are a few misprints in the text 
(sequestrine, p. 186, should be sequestrene; election, p. 216, should 
be elution; R,, foot of col. 2, Table XII, should be Rz), but a 
number occur in the glossary of terms. This latter useful feature 
has been extended, but some of the definitions could be improved. 
These are all small points, and the general excellence of this new 
edition will continue to extend the book’s success. 


J. C. White 


A Laboratory Manual on Abnormal Haemoglobins 


Prepared under the direction of J. H. P. Jonxis & T. H. J. 
Huisman for The Council for International Organizations of 
Medical Sciences and the Middle East Science Co-operation 
Office of UNESCO. Oxford: Blackwell Scientific Publications, 
1958. 39 pages; 12 figures; table. 22 x 14cm. 9s. 6d 


Abnormal Haemoglobins: A Symposium 


Organized by The Council for International Organizations of 
Medical Sciences, established under the joint auspices of 
UNESCO and WHO. Edited by J. H. P. Jonxis &J. S. Delafresnaye. 
Oxford: Blackwell Scientific Publications, 1959. 436 pages. 
22 x 14cm. £2 5s. 


In the ten years since Pauling, Itano, Singer & Wells noted the 
electrophoretic abnormality of sickle-cell haemoglobin, the accumu- 
lation of information has been almost embarrassing. Some 29 or 
30 different haemoglobins have now been acknowledged, and the 
adoption of newer methods (notably starch-block electrophoresis 
and paper or ion-exchange column chromatography) bids fair to 
increase the total, not only of abnormal forms, but of variants of 
what are accepted as normal. 

Appreciating the geographical distribution of the haemoglobino- 
pathies, the Council for International Organizations of Medical 
Sciences selected the Near East as a sort of “‘haemoglobin cross- 
roads” and arranged an international symposium at the University 
of Istanbul. With UNESCO support, and a grant from the Rocke- 
feller Foundation, a practical training course on laboratory methods 
for research workers from the Near and Middle East region 
followed immediately afterwards. 

The Laboratory manual, prepared by Professor Jonxis and 
Dr Huisman from Groningen, is a down-to-earth practical guide 
for the relatively inexperienced. Coupled with the practical details 
is a short historical and clinical description of the better-known 
syndromes. The techniques adopted are those which have proved 
most satisfactory in the hands of these pre-eminent Continental 
workers. The preparation and storage of the haemoglobin sample; 
pressure-plate and hanging-strip zone electrophoresis on paper; 
the use of starch-block electrophoresis and ion-exchange chroma- 
tography: each is dealt with succinctly. A few pages are devoted 
to standard haematological procedures and, finally, the principal 
biochemical and clinical characteristics of the haemoglobins are 
tabulated. To seek more detail would be to miss the purpose of this 
excellent little manual, which is to guide and stimulate field ob- 
servations, particularly in Asia and Africa. Yet haemoglobin 
analysis has become a routine investigation and the information in 
this 40-page booklet represents the minimum that any self-respecting 
laboratory director can afford to know. 

The Proceedings of the Symposium, also edited by Jonxis, pro- 
vide reading matter of a different calibre, at once stimulating and 










challenging, presenting in book form the bulk of available informa- 
tion up to 1957. In such a rapidly developing subject, any text runs 
the risk of being out of date before it can be issued and it is a pity 
that there has been an 18-month interval before publication. How- 
ever, until some authoritative text-book becomes available, the 
periodic critical review (for instance that by Beaven & Gratzer, 
J. clin. Path. 1959, 12, 1, 101) and these Symposia provide the only 
means of maintaining some semblance of order in terminology. 

The Istanbul conference was devoted firstly to biological con- 
siderations, with papers by leading American, French and Dutch 
workers and, secondly, to the geography of haemoglobins in the 
Near and Middle East, Africa, India, Indonesia and Thailand. 
The content of some of the papers has been presented and pub- 
lished elsewhere, but there can be no harm in repetition of work 
with fundamental application. The papers on geographical dis- 
tribution are of general interest, with Lehmann’s contributions on 
‘Distribution of variations in human haemoglobin synthesis”’ and 
“*The maintenance of the haemoglobinopathies at high frequency” 
providing an outstanding survey. 


BOOK REVIEWS 


The papers on biological considerations merit particular atten. 
tion, for they must be understood before this subject can be 
mastered. Papers on genetic factors by Itano and by Neel; on 
practical methods of identification by Huisman; and the review of 
clinical aspects by Zuelzer are quite excellent. Not least useful in 
this 436-page volume is an exhaustive list of some 600 references, 
mostly between 1950 and 1956, which give some indication of the 
amount of work already accomplished. 

Whilst we may continue to follow the geographical distribution 
of the abnormal haemoglobins and the resultant haemolytic syn- 
dromes, more study must be made of the variations in the normal 
haemoglobin molecule. The importance of this is best shown by 
thalassaemia, to which disorder every paper at Istanbul made 
reference; perhaps when the mechanism of the major and minor 
forms is finally revealed, we shall have the complete answer to this 
phase of molecular biology. Great strides have been taken since 
1949, but it is salutary to remember that von KOrber first drew 
attention to the different properties of foetal haemoglobin in 1866. 


J. L. Stafford 


The copyright of all material published in the 
Bulletin becomes the property of the British Council 
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Current Virus Research: Introduction 





In 1953 a number of the Bulletin was published with the title, “‘ Viruses in Medicine”’. 
This briefly reviewed the development up to that time of the medical aspects of the subject which 
is now generally called virology, and sixteen articles dealt with particular aspects or particular 
viruses concerning which there was important progress to record. Virology has been advancing 
so rapidly that a new number of the Bulletin on viruses is called for after only six years. For the 
most part the viruses which are most exciting to discuss now are different from those dealt with 
in 1953: virology, like an amoeba, pushes out its advancing pseudopodia now in one direction, 
now in another. There is now less need to bring news about smallpox, mumps, hepatitis and 
psittacosis, but plenty to report about adenoviruses, measles, varicella and trachoma. Trachoma? 
is one of the most wide-spread and serious virus diseases and it is good news that there is progress 
to record here. In this number trachoma is in fact the only agent dealt with belonging to the 
groups of rickettsiae and the large viruses related to psittacosis, lying in the no man’s land between 
the bacteria and the true viruses. 

As so often happens, new advances depend upon the perfection and employment of new tech- 
niques. Much discovery about viruses stemmed from the use of the developing egg for virus 
cultivation and still more comes from the present-day exploitation of the methods of tissue 
culture.? 





| * Collier, p. 231 2 Westwood, p. 181 
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Viruses have been propagated in tissue culture since 
1913, and many interesting findings have been recorded, 
especially since 1925. An astonishing impetus to these 
studies was afforded by the discovery of Enders, Robbins 
and Weller in 1949 that poliovirus would grow in cultures 
of tissues other than those of the nervous system and 
produce destructive changes which could be seen with 
a low-power microscope. All sorts of facts could thus be 
uncovered quickly, facts which previously had to be 
laboriously acquired through the sacrifice of hundreds 
of monkeys. Quantitative serological work became rela- 
tively easy and there became available a ready source of 
poliovirus for turning into formolized vaccine.* These 
advances were speeded up by the fact that workers had 
now at hand an array of antibiotics to keep down 
frustrating bacterial contaminations in their cultures. 
Another very welcome discovery was that virus-con- 
taining material can be “plated-out” on tissue-culture 
monolayers in Petri dishes. Where virus growth has 
occurred, a plaque of damaged cells can be seen, and 
thus are made possible rapid quantitative methods for 
assaying viruses, just as is commonly done in the titration 


numbering or naming the strange viruses which keep 
coming to light. This need is evident not only for the 
groups just discussed but for the many arthropod-borne 
or arborviruses,!° most of these being discovered in the 
tropics. 

Though tissue culture stands out as having led to the 
biggest harvest of discovery in the last decade, other 
technical methods are important, too. Virus genetics, 
barely foreshadowed six years ago, is becoming an im- 
portant subject. Immunological studies of viruses have 
useful new tools in agar-gel diffusion and the use of 
fluorescent antibodies.12 Biochemical methods are 
increasingly to the fore. The discovery that the naked 
ribonucleic acid of some viruses can start an infection 
is a discovery of major biological significance. 

In the field of epidemiology, virologists have two major 
events to describe. The influenza viruses continue to 
change their character from one year to another ™ and 
did so in no uncertain manner in 1957 when Asian 
influenza arose out of China and swept round the world 
inside six months. Myxomatosis was introduced into 
Australia in 1950 to control wild rabbits which had long 


In 
of bacteriophages. been a pest; and the virus was similarly let loose in ab! 
Some viruses have been hard to study, since no con- Europe in 1952. Thus began the most interesting large- ort 
venient experimental animal was available. Some of these scale epizoological experiment in history; accounts of a 
specifically “‘human”’ viruses, such as measles ‘ and vari- subsequent evolutionary changes in the virus and its fac 
cella,® can now be grown in cultures of human tissues, and host make fascinating reading.® tyr 
fresh advances have thus become possible. More im- The most recent exciting new development in virology ~ 
portant still, the wide-spread use of tissue-culture tech- concerns the discovery that the power of one virus to nn 
niques is revealing, almost month by month, numerous interfere with the development of another may be or 
new viruses of whose existence we were previously mediated by a substance, probably a protein, called 
ignorant. Adenoviruses,* enteroviruses” and new res- interferon.* It seems possible that formation of this po} 
piratory viruses* have thus been discovered in large substance may be concerned in bringing virus infections i 
numbers. A recent review ® reported “70 new viruses”. to a halt in the absence of the normal immunological cal 
Each of the groups contains viruses of differing antigenic mechanisms. It is also possible that further knowledge ot 
types. Many of these may be of little or no importance about it may lead to the discovery of what is so badly vir 
in human disease; others, like poliomyelitis itself, may needed—a logically based chemotherapeutic agent active i 
normally cause little trouble, but occasionally give rise against virus infections. pa 
to dangerous neurological or other complications. The The progress in virology of the past six years gives : 
numbers of these “new” viruses are becoming embarrass- every reason to expect equally remarkable developments vir 
ing and it is now a matter of urgency to expand existing in the near future. = 
facilities for comparing, identifying and, if necessary, C. H. Andrewes nil 
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In any genetic study we are concerned primarily with inherit- 
able differences. If all individuals of a given species of 
organism are uniform in their inheritable qualities and will 
not hybridize with any other species there is no possibility of 
using that species for any type of genetic investigation. In 
fact, however, every species of organism and probably every 
type of somatic cell which retains the ability to multiply does 
show inheritable differences when these are looked for with 
adequate technical methods. Viruses are no exception; 
irrespective of whether they are to be regarded as organisms 
or not, they are certainly subject to inheritable variation. 

Broadly speaking, virus genetics is concerned with: 

i. the process by which variant forms arise within a virus 
population; 

ii. the techniques by which differences between virus strains 
can be recognized and measured; 

iii, the analysis of situations in which multiple infection of 
cells by two or more virus strains gives rise to descendant 
virus with qualities derived from more than one parent type; 

iv. the influence of environmental factors in determining the 
type of population which will develop in epidemiological or 
experimental situations. 

There is as yet no evidence that genetic interaction between 
virus strains ever plays any significant part in the epidemic 
behaviour of virus disease. Equally we can probably never 
exclude the possibility that an extremely rare occurrence 
—and if recombination between two virus strains ever occurs 
in nature it must be extremely rare—could on occasion initiate 
a change in the dominant epidemic type. 

On the other hand, we can be quite certain that variation 
in viruses is constantly occurring and that there is a continu- 
ously active process of selective proliferation and survival 
which determines the character of the virus dominant at the 
moment. An account of a uniquely well-documented example 
of change in virus character under field conditions will be 
found in Fenner’s contribution on myxomatosis in this sym- 
posium(p. 240). Ingeneral, natural conditions are too complex 
to allow such an analysis and most laboratory work on the 
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theme involves the creation of conditions which will enforce 
change in virus character with relatively few passages. 


1. Pure Clone Techniques 


For any work on virus variation or recombination it is as 
essential to work with pure clones of virus as it is to use 
repeatedly re-isolated bacterial cultures in genetic work on 
bacteria. The advent of the technique of Dulbecco (1952) 
for plaque production by animal viruses on monolayers of 
cells in tissue culture has brought both appreciation of this 
requirement and the best available means of satisfying it. 
With a competent technique and a virus of high plating 
efficiency, a well-isolated plaque should provide a source of 
pure clone virus, with the chance of contamination from 
another clone being approximately equal to the ratio of the 
areas of plaques to the total area of the cell monolayer. 

With viruses such as influenza for which tissue-culture 
techniques are unsatisfactory, the alternative method is to 
use transfer at limiting infective dilution. Both methods 
require attention to technical detail and a critical appreciation 
of such factors as the plating efficiency of the strain and the 
possibility of delay in initiating infection. In general it can be 
given as a workingrule that if, during three successive isolations 
either from a single plaque or limit dilution, virus populations 
remain constant in all relevant characters, the final population 
can confidently be regarded as a pure clone. For discussion 
of these requirements the following references may be con- 
sulted: Isaacs (1957), Horsfall (1954), Liu & Henle (1953), 
Cairns (1957), Dulbecco (1955). If for any reason it is im- 
possible to work with pure clones of virus, effective work on 
virus genetics is automatically prevented. 


2. Variation and Selective Survival 


We can be certain that even a pure clone population of 
virus particles will include a proportion of particles which are 
faulty copies of the type virus. There is an extensive literature 
on incomplete influenza virus and wherever adequate technical 
methods are available it can be shown that some virus particles 
either lack infectivity or at least have a much lower likelihood 
of initiating infection than have standard virus particles. More 
generally it can be accepted that minor faults in genetic copy- 
ing are also frequent. In other words viruses are highly 
mutable. 

In all work with influenza viruses, it has been our basic 
assumption that by the time a single infective virus particle 
has infected and has given rise to its maximal titre of virus in 
an allantoic fluid the population will contain: 

i. a considerable portion of non-viable or incompletely 
viable particles; 

ii. the dominant viable form identical with that used to 
initiate infection; 

iii. a wide range of mutant types amongst which those 
showing minor deviations will be commoner than those 
differing more widely from the parent stock. 

In all our experience we have never obtained results pointing 
to the occurrence of adaptive change throughout a virus 
population and we believe that change in the inheritable 
qualities of a virus strain is always to be ascribed to mutation 
and selective survival. When a virus is being “‘adapted”’ to a 
new host there is often an opportunity to differentiate categor- 
ically between the two alternatives. If mutation (by definition 
a rare and random event) is responsible, then it should be 
possible to prevent adaptation by never giving a mutant an 
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opportunity to overgrow the original type, in other words by 
passing in the new host always at the greatest degree of 
dilution which will still produce infection. This has been 
accomplished on three separate occasions. The adaptive 
changes which failed to occur were: 

i. the conversion of newly isolated influenza A strains (in 
the period 1942-56) from O to D phase on chick-embryo 
passage (Burnet & Bull, 1943; Burnet & Stone, 1945); 

ii. modification of the mouse-brain strain NWS on allantoic 
passage (Burnet, 1951); 

iii. change of newly isolated influenza strains with pre- 
dominantly filamentous morphology to non-filamentous type 
(Burnet & Lind, 1957). 

Several analyses of adaptive changes in vitro, in addition 
to the three mentioned above, have been made, probably the 
most enlightening being the study by Edney (1957) of the 
development of serological resistance by passage with homo- 
logous immune serum. This demonstrated a sequence of four 
mutants successively overgrowing the preceding one. A point 
of much interest was the appearance of a serum-resistant variant 
with an accidentally associated new virulence for mouse lung. 
This had not been observed in a previous development from 
the same strain of a similar degree of serological resistance. 

Of discontinuous variation in other groups of virus, one 
that has attracted special attention is the “white’’ variant 
obtainable from a considerable number of vaccinia strains 
(van Tongeren, 1952; Downie & Haddock, 1952; Fenner, 
1958). This produces white opaque pocks on the chorio- 
allantois and appears with high frequency (1:200-1: 300) 
in certain strains. Once effectively isolated the white variants 
breed true. 

If this approach to virus variation is legitimate, it makes 
nonsense of thestill rather prevalent assumption that the extent 
to which a virus becomes adapted to a new host is a simple 
function of the number of passages to which it has been exposed. 

Modern workers on the development of, for example, 
avirulent strains of poliomyelitis, are more and more accepting 
the genetic point of view. The rationale of Sabin (1957), for 
instance, in producing avirulent poliovirus strains was to 
seek variants capable of abnormally active growth on monkey 
kidney tissue culture by passing rapidly with large inocula, so 
providing a premium for the survival of any rare rapidly 
growing mutants that might arise. When sighting tests 
suggested that a rapidly growing avirulent mutant had become 
the dominant form, a sequence of three single-plaque isola- 
tions was carried out to ensure that a pure clone of the new 
dominant form was available. 

Such a procedure can be relied upon to produce a pure 
clone which will retain its character when passed on the new 
host—in this case monkey kidney tissue culture. It does not 
guarantee that it will maintain its character on transfer back 
to the original host. This important practical problem is best 
discussed later under the heading of virulence. 


3. Physico-Chemical Basis of Virus Genetics 

There has been a steadily increasing unanimity of opinion 
amongst geneticists and biochemists that the physical basis 
of genetic information is to be found in deoxyribonucleic acid 
(DNA), and in all probability the ‘“‘coding”’ is in the sequence 
of bases suggested by the Watson-Crick formula of DNA. 
It is further believed that for the final expression of genetic 
information in a functionally specific protein (enzyme, antigen 
or antibody, for example) an intermediary process involving 


ribonucleic acid (RNA) is always needed. The chain of 
command then can be represented: 


DNA — > RNA—} specific protein 


Virus research has made an important contribution to the 
development of this point of view. The demonstration by 
Hershey & Chase (1952) that what entered the bacterial cell on 
infection by phage was only the DNA content of the particle, 
the protein coat being left outside, may need minor qualifi- 
cation but its implications have had great influence on biolo- 
gical thought. Even more compelling was the finding of 
Gierer & Schramm (1956) that treatment of tobacco mosaic 
virus to remove protein without damage to RNA left infective 
material. It is now accepted that the same preparation of 
infective RNA is possible for the small RNA-containing 
animal viruses. Those for which this has been reported are: 
Mengo (Colter, Bird & Brown, 1957), eastern equine encepha- 
litis (Wecker & Schafer, 1957), poliomyelitis (Alexander, 
Koch, Mountain, Sprunt & Van Damme, 1958), encephalo- 
myocarditis (Huppert & Sanders, 1958), foot-and-mouth 
disease (Brown, Sellers & Stewart, 1958), Murray Valley 
encephalitis (Ada & Anderson, 1959). Attempts to obtain 
infective RNA from the larger RNA-containing viruses, 
influenza’ and fowl-plague viruses, have been unsuccessful. 
Clearly, if these experiments can be accepted on their face 
value, the ability of RNA alone to induce the production of 
complete descendant virus must mean that all the necessary 
genetic information can be carried by RNA. It also has the 
implication that when a virus particle enters the susceptible 
cell a necessary preliminary step may well be the separation of 
protein and nucleic acid moieties, the protein subsequently 
taking no significant part. At the present time there is no 
formal evidence that this occurs, but equally—for the RNA 
viruses—the hypothesis is not at variance with any of the facts 
and allows a convenient way of picturing what happens in the 
process of viral multiplication within the cell. 

The concept of an eclipse phase has provoked controversy, 
particularly when it has been applied to the larger viruses, but 
the evidence seems decisive that for the RNA viruses entry of 
the infective particle is followed within an hour by the 
disappearance of the virus as such. This is most clearly shown 
in such an experiment as that of Rubin, Baluda & Hotchin 
(1955) with western equine virus in chick-embryo tissue 
culture. After infection of a cell population with enough 
virus to infect, say, 10% of the cells, these are washed and 
placed under optimal conditions for virus growth. At 
intervals, portions are titrated for virus: (i) by plating the 
intact cell suspension on a suitable monolayer; (ii) by mechan- 
ically disintegrating the cells and plating the material simi- 
larly. The count from (i) gives the actual number of cells in 
which effective initiation of virus multiplication has taken 
place, (ii) gives the number of virus particles capable of 
initiating infection. In the experiments of Rubin et al. (1955) 
the ratio of (i): (ii) an hour after infection was 4,000:1. 
This is an exceptional ratio; for most other viruses the ratio 
is nearer 100: 1. 

There are alternative explanations but it is the most direct 
interpretation to believe that the virus particle unfolds or 
disintegrates to allow its RNA to make effective contact with 
what is needed to initiate viral proliferation. At the other end 
of the process of multiplication such a view demands that 





2 A claim to have accomplished this with influenza virus has recently been made 
(Maassab, H. F. Proc. nat. Acad. Sci., Wash. 1959, 45, 877).—Eb. 
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virus particles should be fabricated from what is usually called 
the replicating pool of viral components. Only when these 
components are put together to produce the mature particle 
can virus be extracted from the cell but, as long as active 
genetic material from the virus is present in the cell, the cell 
itself can act as the centre for the production of detectable 
virus whether in a tissue-culture monolayer or in some other 
susceptible host system. By hypothesis it is within the repli- 
cating pool that the interactions take place which allow the 
production of recombinant forms. 


4. Results of Double Infection 


Probably the most generally useful way to think of the 
virus-host cell reaction is as the intrusion of one genetic 
system into the domain of another. With our present ignor- 
ance of the borderlands between chemistry, cytology and 
genetics, it is difficult enough to provide even a superficial 
interpretation of the processes taking place. When we com- 
plicate the system further by dealing with two or more different 
viruses, we must frankly retire to an almost completely 
empirical account of the observable phenomena. 

Broadly, we have three possibilities, all of which can be 
manifested in one or another actual example: 

i. Two viruses can multiply in the same cell without mutual 
interaction. There are a number of instances on record where 
two different types of inclusion body have been seen in doubly 
infected cells. 

ii. The entry of virus A inhibits the multiplication of virus 
B added subsequently. (Interference.) 

iii. The presence of viruses A and B results in the produc- 


.tion of descendant forms carrying some of the characters of 


both A and B. (Phenotypic mixture or recombination.) 

In this paper we are concerned only with the last of these, 
the production of virus progeny with characteristics derived 
from two (or more) different parents. Examples are now 
available from influenza viruses, from vaccinia virus and 
from polioviruses. There is much more known about the 
influenza viruses than about the others and most of the 
phenomena of genetic interaction can be best exemplified 
from this field. 


5. Genetic Interactions between Influenza Viruses 


_ From our biological point of view the basic phenomena in 
influenza virus genetics can be enumerated and briefly 
expounded as follows. 


a. Phenotypic Mixture 


If we take two influenza A strains M and W which are 
serologically distinct and can be recognized easily by inhibi- 
tion of haemagglutination with appropriate specific antisera, 
and infect allantoic cells with excess of an equal mixture 
of the two, then we obtain regularly a first cycle harvest of 
virus neutralized by either antiserum. This can be demon- 
Strated in Table I where the haemagglutinin titres are shown 
when the fluids in question are titrated: (i) in saline dilutions; 
(ii) in antiserum M;; (iii) in antiserum W. The antisera are 
diluted so that they will reduce the titre of the homologous 
virus to about 1% of the original. Results of this general 
character have been reported by Fraser (1953) and by Gotlieb 
& Hirst (1954). 

All concerned are willing to accept this as evidence that the 
Particles in the new generation harvest include a majority 
which carry both types of antigen on their surface. 
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TABLE I. DEMONSTRATION OF PHENOTYPIC 


MIXTURE 


Haemagglutinin titration in 


Saline Anti-M Anti-W 
Virus M 100 <2 80 
Virus W 100 100 <2 
Yield (first cycle 
harvest) 100 5 4 


b. Heterozygosis 


If a first cycle yield showing double neutralization is titrated 
to and beyond the 50% infectivity end-point, and the virus 
strains re-isolated twice at limiting dilution, no strains show- 
ing the above type of double neutralization are obtained. 
The particles with both types of antigen are either non-viable 
or give rise preferentially to offspring either pure M or pure 
W in antigenic character. It has been shown by Hirst & 
Gotlieb (1955) and by Lind & Burnet (1957) that fluids 
showing phenotypic mixture give rise to a disproportionate 
number of limiting dilution fluids containing both M and W 
antigenic types. This is evidence for the existence of hetero- 
zygotes, i.e., particles from which both W and M particles 
may be derived. 

c. True Recombination 

Amongst the M and W strains isolated from a first cycle 
yield such as that shown in Table I, there will be some in 
which characteristics seem to have interchanged. If we denote 
differences between M and W by upper and lower case letters 
we can represent M by ABDFCE, and W by abdfce, where 
Aa represent the characteristic serological difference and Bb, 
etc., other demonstrable differences. Using this nomencla- 
ture, Burnet & Lind (1952) found that the progeny from such 
experiments gave—in addition to the two original forms 
ABDF-CE and abdf-ce—two recombinant types that can be 
represented ABDF-ce and abdf-CE. These strains bred true 
and could in their turn be used for back-recombination, 
giving ABDF-CE and abdf-ce. Irrespective of which pair 
was used, all four forms could be found in the yield from most 
experiments. 


d. Redistribution of Virulence 


Nearly all who have worked on influenza virus genetics 
have made use of a neurotropic mutant of the strain WS for 
crosses with a non-neurotropic strain of different serological 
type. Virus NWS was essentially a derivative of WSE and in 
our nomenclature could be represented by abdf-ceg, g repre- 
senting neuropathogenicity, G the absence of the quality. 
Recombination with MEL gave neuro-MEL forms with the 
qualities ABDF-ceg. In screening isolates for test from 
mouse-brain emulsions or allantoic fluids, two in-vitro tests 
differentiating A and a and C-c were used, and attention was 
concentrated on A-c clones, all of them being presumptive 
recombinants. Our most important finding was that amongst 
such A-c strains there was a wide range of neuropathogenicity 
from ability to affect only suckling mice to almost the full 
pathogenicity of the parent NWS (see Burnet & Edney, 1951). 

Several other types of mixed infection with one highly 
virulent and one avirulent strain have given progeny showing 
a wide scatter of intermediate virulence (Perry, van den Ende 
& Burnet, 1954). 










6. Recombination in other Virus Groups 


No systematic work has yet been reported on a similar scale 
in other groups but it appears probable that true recombin- 
ation will be found whenever it is adequately looked for in the 
larger viruses. Positive results have been obtained with the 
psittacosis group (Gordon & Mamay, 1957), vaccinia and 
rabbit-pox (Fenner & Comben, 1958) and with herpes simplex 
(Wildy, 1955). It is not yet established that true recombina- 
tion can occur with the smaller viruses, although presumptive 
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If our point of view is valid, however, the possibility of 
reversion despite genuine mutation to an avirulent strain, must 
always be considered when the virus is returned to its normal 
host. An experience reported by Lind & Burnet (1958) may be 
concerned only with a laboratory artifact, but it is enlighten- 
ing. In the course of certain investigations they obtained a 
unique mutant of the highly mouse-virulent strain WS of 
influenza A. This strain, aWS, had no infective power what- 
ever for the mouse lung but appeared otherwise unchanged; 


evidence of phenotypic mixture between poliomyelitis strains it — several times re-isolated from limiting dilution and 
an d(S t, Mountain & Alexander, 1955) retained its character unchanged. Yet by simple passage at 
has been reported (Sprunt, Mountain [ relatively low dilution through the allantoic cavity, mouse- 
lung virulence returned in what were probably four or five 
‘ " discontinuous steps. It should be emphasized that this was 
7. The Genetic Approach to Virulence not readaptation to mouse-lung passage but a return of 
From the medical angle the only attributes of a virus that virulence for the mouse as a result of readaptation to the 
are of any importance are its immunological type and its allantoic cavity. 
virulence. The classic practical problem in virus genetics is to Our interpretation is that the change of WS—>aWS was a 
obtain a non-virulent derivative of a pathogen without relatively major single mutation which interfered with the 
modification of serological character. It is appropriate there- integration of the genome, so that in addition to complete 
fore to conclude this brief review with some comments on loss of virulence for mice, it had less than optimal growth 
virulence in the light of experimental work on virus genetics. potential in the allantoic cavity. As a well-adapted strain, WS 
Virtually all laboratory strains of virus are adapted to full had combined mouse virulence with optimal growth capacity 
virulence on the chosen laboratory host. In nature genetic in the embryo. If then aWS was to regain that optimal 
factors other than virulence may conduce to survival; but in capacity, two possibilities are open. A new series of minor 
the laboratory, where transfer of virus is under the control of mutations with selection will eventually lead to a new inte- A 
the experimenter, virulence in the sense of rapid production gration, or alternatively the mutational step WS—>aWS may , 
of much descendant virus is the sole criterion for survival. be retraced, not necessarily in a single step. If the changes . 
A well-adapted strain then is one in which all genetic factors are such that the second is physically and genetically possible, . 
are integrated to give the most effective multiplication under then this is clearly the simplest way in which full adaptation 7 
standard conditions. In general, mutation in any part of the for the allantoic cavity can be regained. " 
genome will weaken that integration and ipso facto produce From this and other experiments on the genetics of viru- - 
a fall in virulence. This is a concept that has some significant lence, we are led to believe that there is no easy way to - 
experimental and epidemiological implications. manipulate strains by recombination or otherwise so as to } 
In the first place it provides the justification for the standard produce desired degrees of virulence. In some ways this is a ‘ 
procedure of diminishing virulence of a virus for host A by comforting conclusion. 7 
passage in host B. Changes needed to allow maximal growth Virus genetics may never become of direct medical impor- es 
in B will probably result in a poorer adaptation to A. In tance, but it can be claimed with some confidence that to . 
practice strains of lowered human virulence have been ob- apply the point of view of genetics and population genetics to . 
tained by passage of influenza, yellow fever and rabies viruses every situation involving virus-host interactions is always . 
in the chick-embryo and of poliovirus in tissue culture. likely to clarify thought and aid understanding. ; 
p 
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A virus will multiply only within a living cell and, being devoid 
of metabolic enzymes of its own, is probably dependent on the 
enzyme system of the cell for its replication. It is therefore the 
individual tissue cell rather than the intact animal which is the 
true host of the virus, and a knowledge of the biology of virus 
infection at the cellular level is essential to an understanding 
of virus disease. In the animal, investigation at this level is 
vastly complicated, but tissue culture enables the isolation of 
the essential host from the physiological, nutritional and 
immunological mechanisms of the intact animal and opens the 
way for a study of the virus-host relationship at a level which 
would not otherwise be possible. The scope and subtlety of 
its applications have increased, and will continue to increase, 
with each improvement in the control of cultured cells, and it 
is the purpose of this paper to survey a few of the more 
important of these applications, and to indicate some of the 
present growing points of knowledge. 

For convenience a broad division may be made between 
those fields where cultivated cells provide a convenient 
substitute for a laboratory animal for the growth and assay 
of viruses, and those in which the new-found control of the 
cellular host has been exploited for research into the biology 
of virus infection. The former includes most of the practical 
applications and will be considered first. 


1. Practical Applications 


a. Diagnostic Applications 


When Enders, Weller & Robbins (1949) demonstrated that 
poliovirus would multiply in non-neural tissues in culture, 
they provided at one stroke not only the main driving force 
behind much of the tremendous volume of tissue-culture 
research of the last decade, but also a simple, cheap labora- 
tory host for poliomyelitis research. Where, previously, a 
monkey would provide a single observation, tissue cultures 
derived from it will now provide several thousand. The 
benefits of this work were greatly expanded when the HeLa 
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cell line was established by Gey, Coffman & Kubicek (1952) 
and shown by Scherer, Syverton & Gey (1953) to be suscepti- 
ble to infection with poliomyelitis and other viruses. The 
HeLa cell, established originally from a cervical carcinoma in 
a human patient, was developed by Gey and his colleagues 
into a cell line easy to cultivate serially and capable of inde- 
finite multiplication in vitro. Since that time many lines of 
cells have been developed and stabilized in culture, their 
varying virus susceptibilities placing a series of useful hosts in 
the hands of the virologist (Chang, 1955; Jordan, 1956; 
Berman & Stulberg, 1956; Westwood, Macpherson & 
Titmuss, 1957; Henle & Deinhardt, 1957; Zitcer & Dunne- 
backe, 1957). Lines of cells sensitive to poliomyelitis virus, 
dispensing as they do with the necessity for maintaining 
monkeys even as a source of tissue-culture material, have 
permitted the extension of diagnostic facilities for poliomye- 
litis to laboratories where this would not otherwise have been 
possible. In Great Britain these facilities are now a routine 
provision of the Public Health Laboratory Service. 

While the main impact of tissue culture in relation to diag- 
nosis has fallen on poliomyelitis, the effects have been by no 
means confined to this disease. Routine facilities are also 
available for the whole group of enteroviruses and adeno- 
viruses, for which alternative laboratory hosts are not avail- 
able, and measles and varicella may in time be included. 


b. Virus Propagation 


In mass virus propagation, the emphasis so far has again 
lain with poliovirus production for the manufacture of vac- 
cine. The production of vaccines for human use is at present 
limited to growth in primary cultures derived directly from the 
host animal. The use of serially cultivated cells is not at 
present permissible because of hypothetical dangers asso- 
ciated with malignancy, but in the production of diagnostic 
antigens and of vaccines for veterinary use these limitations 
do not apply, and advantage will undoubtedly be taken of the 
greater ease of cultivation of these cells and the greater 
flexibility possible in their handling. 

Earle, Bryant, Schilling & Evans (1956) showed that cells 
of this type could be grown in suspension, and this method of 
culture has been developed by many workers (Hull, Cherry & 
Johnson, 1956; McLimans, Davis, Glover & Rake, 1957). 
It has, however, been somewhat uncertain of success, but a 
notable advance has recently been made by Cooper, Burt & 
Wilson (1958) at the Medical Research Council Laboratories 
at Carshalton, Surrey, in developing a continuous-flow system 
of culture on the chemostat principle. The cells are grown in 
suspension in a culture vessel to which medium is continually 
added and cell suspension continually removed at the same 
rate. The volume of suspension in the culture vessel is thus 
maintained constant and, theoretically, a steady state should 
be attained in which the rate of cell multiplication exactly 
keeps pace with the rate of dilution with fresh medium so that 
the cell population also remains constant. Although this ideal 
state has not yet been attained, Cooper et al. (1958) have 
maintained cells in continuous multiplication for four months 
at mean doubling times of as little as 24 hours. From a small 
apparatus average daily yields of up to 1 x 10° cells have been 
attained—equivalent to the yield from 25 Roux bottles grown 
in static culture. Westwood, Appleyard, Taylor-Robinson 
and Zwartouw have been working on techniques for the 
production of high-titre poliovirus by infecting concentrated 
suspensions of cultured cells so that the virus yield is obtained 
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in the minimum volume of suspending fluid. Virus yields of 
from 1-3 x10* infective units/ml., one hundredfold higher 
than the suspensions at present used for vaccine production, 
may be obtained in this way. Recent work has shown that 
these high concentrations of virus, representing yields of 
100-300 infective units per cell—such as may be expected 
from monolayer cultures under optimal conditions—may be 
obtained from cells suspended in simple physiological saline 
from which even glucose has been omitted. The crude pro- 
duct, containing only 0.2% protein, has a virus potency of 
1.5 x 10** infective units/g. protein—only tenfold lower than 
the figure of 1.2 x 10"* infective units/g. protein obtained by 
Schwerdt & Shaffer (1956) with their highly purified crystal- 
line poliovirus. 

When allied to the chemostat principle of cell production 
developed by Cooper, this technique could make possible the 
easy production of pure and highly potent vaccines. 


c. Virus Attenuation 


The use of virus strains of attenuated virulence as live virus 
vaccines has long been practised and is the basis of smallpox 
vaccination. The use of tissue culture in the scientific applica- 
tion of this principle was introduced by Theiler & Smith 
(1937), who passaged virulent yellow fever virus in chick- 
embryo tissue cultures for about 114 transfers to produce the 
17D strain, virtually avirulent for man, which is now used as a 
highly effective live vaccine against yellow fever. Similarly 
avirulent strains of poliomyelitis virus have more recently 
been developed, some by the use of tissue-culture techniques, 
but in this case the danger of reversion to virulence during the 
course of the induced infection still precludes their general use 
as live vaccines (Dick & Dane, 1958). 


d. Virus Isolation 


Before the extensive application of tissue culture to virus 
work, it was customary for a disease entity to be recognized 
before the isolation and characterization of its causative agent, 
but this rule has now been largely reversed. 

During the course of cultivation of supposedly normal 
tissues and the screening of large numbers of faecal specimens 
for poliomyelitis investigations, destruction of the cultured 
cells by unknown viruses has been encountered with con- 
siderable frequency. 

Two large and important groups of viruses owe their 
recognition to such episodes, the adenoviruses and the ECHO 
viruses considered elsewhere in this number of the Bulletin.* 
Many of these, though not all, have now been incriminated as 
the causal agents of a number of human diseases, many of 
them somewhat ill-defined, but it is impossible to escape the 
suggestion of a world of symbiotic viruses, with unknown 
potentialities for good or ill, in permanent association with 
metazoan tissues. Since their recognition depends directly 
on the volume of tissue-culture work performed in relation to 
a particular animal species, it is not surprising that most of 
these viruses so far recognized relate to man and the monkey. 


e. Epidemiology 
Since the scope and efficiency of epidemiological surveys 
must depend on the ease and cheapness of the virus-isolation 
and serological techniques available, it is not unnatural that 


! See papers by Macrae (p. 210) and by Pereira (p. 225) in this number of 
the Bulletin.—Eb. 


the greater part of our knowledge of the epidemiology of 
poliomyelitis dates from the time that the tissue-culture tube 
replaced the monkey, while, for the adenovirus group, tissue 
culture provides the only practicable laboratory host. 


2. Biology of the Host-Parasite Relationship 


As tissue-culture techniques have improved, so the isolation 
and control of the essential virus host, the individual cell, has 
been achieved with increasing success and it is in the field of 
the biology of virus infection, made possible by these improve- 
ments, that tissue culture is making its greatest contribution. 


a. Quantitative Studies 


When a tissue or a growing culture of tissue cells is treated 
with trypsin, the individual cells are freed from their attach- 
ment and are released as a suspension whose concentration 
may be determined in a haemocytometer. When such a 
suspension is inoculated to a suitable vessel in the presence 
of a nutrient medium, the cells settle and become attached to 
the glass surface and there multiply to form a confluent sheet 
of cells, one cell thick. The resulting monolayer may be in- 
fected with virus in a number of ways. A small dose intro- 
duced into the fluid medium will lead to the progressive spread 
of infection through the culture as developing virus is released 
into the medium. Titration of virus yield will then measure 
the rate of multiplication of the virus over several cycles of 
infection and release, until all susceptible cells are destroyed. 
More informative is the infection of the culture with a dose of 
virus sufficiently heavy to ensure the simultaneous infection 
of all cells. More or less synchronous development of virus 
then occurs throughout the culture and is restricted to a single 
cycle, since no susceptible cells remain to support subsequent 
cycles. If the number of cells present be determined on repli- 
cate cultures, the average yield of virus from a single cell may 
be estimated. By using replicate cultures and separating the 
cellular and fluid components at selected time intervals, 
intracellular virus may be estimated separately from that in 
the medium, and hence the time relationships of intracellular 
development may be separated from those of virus release. 
By the additional use of time-lapse cinematography this 
information may be correlated with the visible cytopathic 
changes affecting the cell during infection. 

If, in infecting a monolayer culture, a small inoculum is 
used, sufficient only to infect a few cells, discrete foci of infec- 
tion are set up from which the virus spreads both directly to 
neighbouring cells and indirectly, through the fluid medium, 
to more distant cells. Dulbecco & Vogt (1954) showed, 
however, that the spread of virus through the medium could 
be prevented by overlaying the monolayer with nutrient agar 
immediately following initial infection. Under these condi- 
tions only direct spread of virus is possible and focal lesions 
develop which eventually become visible to the naked eye. 

This simple basic technique is remarkably flexible and has 
been developed for many special uses. The most obvious and 
wide-spread use is for accurate virus assay, since each lesion 
or plaque represents one infective, or plaque-forming, unit of 
virus in the inoculum. 

A more subtle application has followed from the work of 
Lwoff, Dulbecco, Vogt & Lwoff (1955). As has been des- 
cribed, much accurate information about virus multiplication 
may be obtained by the simultaneous infection of all ceils of a 
culture, but this information relates only to average behaviour 
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throughout the cell population. Lwoff et al. (1955) used the 
same principle in a new way. They exposed a suspension of 
cells to a high multiplicity of infection, and then washed the 
cells to remove free virus and treated them with immune 
serum to inactivate unabsorbed virus. By micromanipulation 
they then isolated individual cells in minute drops of medium 
under paraffin oil and, by changing the medium in the drop at 
selected time intervals and titrating each sample so obtained, 
they followed the release of poliovirus from individual 
infected cells. However, not all cells, even of a stable cell line, 
are equally susceptible and, even at high multiplicities of 
infection, only a proportion of cells will become infected. 
Vogt & Dulbecco (1958) combined the single-cell technique 
with plaque assay to investigate the increased resistance to 
infection of a HeLa sub-line. When cells are infected in 
suspension with poliovirus, and equal samples containing 
suitable numbers of cells inoculated on to monolayers, each 
infected cell will act as a focus of infection and give rise to a 
plaque. The ratio of plaques developing to the total number 
of cells inoculated then gives a measure of the proportion of 
cells infected. When tested in this way at various multipli- 
cities of infection, the resistant line always showed a lower 
proportion of infected cells than did the parent line. The rate 
of absorption of virus was found to be the same for both cell 
lines, and the yield of virus from single cells of each was also 
found to be the same, showing that, once infection had 
occurred, the virus would multiply as well in cells of the 
resistant line as in those of the parent. The difference there- 
fore lay in a decreased probability that absorbed virus would 
initiate infection in the resistant line. These experiments 
thus narrowed the field of inquiry to one of many points at 
which increased resistance to infection could theoretically 
occur. 

Experiments of this type have not only given a measure of 
the amount of virus which may be released from a single cell 
—in the case of poliovirus the figure is the surprisingly low 
one of about 300 plaque-forming units from cells of HeLa 
and other serially cultivated lines, and about 1,000-1,500 
units from primary monkey-kidney cells (Dunnebacke & 
Reaume, 1958)—but are also serving to elucidate some of the 
numerous possible mechanisms concerned in cell suscepti- 
bility. These precise quantitative techniques have been 
considered in some detail since they play an essential part in 
many different approaches to virus biology. 


b. Chemical Investigations 


One such approach is the investigation of the chemical 
requirements for virus replication. Basically this type of work 
depends on accurate knowledge and control of the nutrients 
required by metabolizing cells. The variations in these require- 
ments needed to achieve optimal virus multiplication or, 
alternatively, suppression of virus multiplication, may then be 
determined provided that adequate virus assay techniques 
are available. The first requirement has been partly met 
through many years of work on the nutrition of cells in culture, 
and Earle and his colleagues (McQuilkin, Evans & Earle, 
1957) have ultimately succeeded in adapting their L strain of 
mouse fibroblasts to growth in a wholly synthetic medium. 
Unfortunately the L strain will not support the multiplication 
of poliovirus with which most of the work on virus require- 
ments has been carried out, and this ideal state has not yet 
been achieved with susceptible cell lines. All these still require 
the presence of native protein, usually in the form of serum, 
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for multiplication though not for maintenance during the 
limited period of time required for virus replication. By use 
of maintenance media of known composition, pioneer work 
has already progressed far (Eagle & Habel, 1956) and it has 
been found that a very simple medium comprising only gluta- 
mine, glucose and balanced salt solution will permit maximal 
yields of virus under particular test conditions (Darnell & 
Eagle, 1958). It is clear that such work is still in its very early 
stages and cannot be generalized, for, as has already been 
mentioned, Westwood et al. (1957) have found that, under 
other conditions, maximal yields of poliovirus may be 
obtained in the complete absence of nutrient and energy 
sources other than those stored within the cell. 


c. Qualitative Studies 


Space does not permit more than a mention of other biolo- 
gical fields where tissue culture is permitting virus studies 
which would otherwise not be possible, but two of these are 
very important. The first relates to questions of immunity 
and cell susceptibility. A characteristic of some of the more 
florid virus diseases, such as yellow fever and the acute 
exanthemata, is the lifelong immunity conferred by a single 
attack. The solidity of this immunity led to a suspicion that 
some form of acquired cellular immunity might be involved. 
Andrewes (1929, 1930) foreshadowed the later and more 
subtle uses of the tissue-culture technique in investigating this 
problem in relation to virus III (Herpesvirus cuniculi) and 
herpes virus. He showed that the cells of immune rabbits 
were as susceptible to infection as those of normal rabbits 
and that normal cells could be protected by immune serum 
provided that the virus was exposed to antibody before it 
penetrated the cell. Once penetration had occurred, the virus 
was protected from the effects of antibody. Acquired immun- 
ity to these viruses was thus shown to be humoral and not 
cellular in origin. On the other hand natural cellular immun- 
ity is undoubted and is well illustrated by the inability of 
poliovirus to multiply in primary cultures of non-primate 
tissues. There is, however, no inevitable correlation between 
the susceptibility of an animal to infection by a virus and the 
ability of its tissues to support multiplication of that virus in 
vitro. Chaproniere & Andrewes (1957) have shown that 
rabbit myxoma virus, highly specific in vivo, will multiply in 
the cells of many animals, including man, in vitro. They have 
further shown that insusceptibility, even in vivo, is governed 
by the maintenance of normal relationship between the cells 
and their parent body. If a piece of guinea-pig skin is excised 
and immediately replaced in the same site, as an autograft, it 
becomes susceptible to infection (Chaproniere & Andrewes, 
1958). Clearly the study of natural cellular immunity and the 
mechanisms of its alteration is of fundamental importance, 
and much recent work bears on this problem. 

The second important field, related also to that of cellular 
immunity, is concerned with the carriage of virus over long 
periods of time by cells in culture. Presumptive evidence of 
carriage exists in the repeated isolation of viruses from 
supposedly normal tissues, but this might be due to low-grade 
infections in which small numbers of cells were constantly 
being infected and destroyed, rather than to a true symbiotic 
relationship between virus and cell, and evidence for this kind 
of mechanism has frequently been encountered in culture 
(Bang, Gey, Foard & Minnegan, 1957). Recent evidence 
suggestive of true symbiotic carriage of virus in latent form 
has, however, been obtained with Newcastle disease virus of 






fowls by Cieciura, Marcus & Puck (1957) and Deinhardt & 
Henle (1957). The latter workers showed, moreover, that 
carriage of Newcastle disease virus may render cells immune 
to infection with the viruses of vesicular stomatitis and herpes 
simplex, quite unrelated agents. The possible epidemiological 
importance of such mechanisms hardly needs stressing. The 
subject of virus carriage in tissue culture has been reviewed 
by Ginsberg (1958). 


3. Discussion 


It has been possible to indicate only a few of the many ways 
in which tissue culture is making important contributions to 
virus work and it may well seem that there is undue preoccu- 
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pation with poliovirus, but this is merely a sign of the times. 
The findings and techniques worked out with poliovirus will 
be generalized in due course and already, as in the experiments 
on the carrier state, work with other viruses is contributing 
its quota of fundamental information. Although it is difficult 
at the moment to define the limits of usefulness of the tissue- 
culture discipline, such limits do exist, and are attributable to 
the very property that makes tissue culture so useful a tool. 
Although the true host for a virus is the individual cell, it is the 
intact animal which is the host for the virus disease. Tissue 
culture owes its value to the removal of the cellular host from 
the physiological and immunological complications of the 
animal, but virus disease cannot be considered apart from 
these complications, so that ultimately the medical virologist 
must return to the intact animal. 
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Interference describes the action of a virus, either live or 
inactivated, on cells, as a result of which the cells are rendered 
unable to support fully the growth of immunologically related 
or unrelated viruses. 

The phenomenon of viral interference has been studied for 
over twenty years by workers who hoped it would uncover 
fresh information on the processes of virus growth. First 
mention of interference among animal viruses is often credited 
to Magrassi (1935) who described interference by a non- 
encephalitogenic strain with the growth of an encephalito- 
genic strain of herpes virus in rabbits, and to Hoskins (1935) 
who described protection by a neurotropic strain against 
infection with the viscerotropic strain of yellow fever virus. 
However, in both these cases protection might have been due, 
wholly or in part, to immunological factors, so that the find- 
ings of Findlay & MacCallum (1937) that Rift Valley fever 
virus protected monkeys from infection with the immunologi- 
cally unrelated yellow fever virus gave the first clear example 
of virus interference. 

In order to study this phenomenon further, the experimental 
system was simplified by using the allantoic cavity of fertile 
hen-eggs or tissue cultures. Experiments in eggs or tissue 
cultures can be conducted in various ways. The first method 
used (Andrewes, 1942) was to see whether the interfering 
virus reduced the yield of the challenge virus; Andrewes 
showed that the WS strain of influenza virus inhibited the 
growth of the neurotropic variant of this strain in tissue cul- 
ture, as tested by intracerebral inoculation of culture fluids 
into mice (where only the neurotropic variant would multiply). 
A second experimental method measures whether the inter- 
fering virus reduces the number of cells which can support 
the growth of challenge virus, and Baluda (1957) looked for a 
reduction in the number of cell “‘yielders” in this way. 
However, reduction in the number of cell yielders is a rigorous 
test of interference since, if each cell produced only a fraction 
of its normal yield of virus, considerable inhibition of virus 
growth might occur in the absence of any reduction in the 
number of cell yielders. Thirdly, Le Bouvier (1954) showed 
that the MEF, strain of poliomyelitis virus, which produced 
only a very weak cytopathogenic action in monkey-kidney 
cells, protected the cells from the destructive effect of other 
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strains of poliomyelitis virus and a strain of Coxsackie virus. 
This technique depends on the fact that in the majority of cases 
the cytopathogenic action of a virus is a function of virus 
growth. But this may not always be so and, in preparations 
of adenovirus, an early cytopathic effect is caused by a protein 
serologically related to the virus but separable from it by 
centrifugation (Pereira, 1958; Everett & Ginsberg, 1958). Of 
these three methods, reduction of the yield of challenge virus 
gives a simple and direct measurement of interference, and 
most studies on virus interference have been carried out in 
this way. 


1. Interference by Inactivated Virus 


One of the most important aspects of the phenomenon is 
that the interfering virus need not be used live but can induce 
interference when it has been inactivated, e.g., by heat, 
irradiation with ultra-violet light or treatment with formal- 
dehyde or nitrogen mustard. Henle & Henle (1943) and 
Ziegler & Horsfall (1944) showed that inactivated influenza 
virus interfered with the growth of influenza viruses in the 
allantoic cavity of the chick-embryo, and this finding was the 
starting-point for many investigations on _ interference, 
particularly by Henle and co-workers. The system has two 
obvious advantages over the interference produced by live 
virus. Firstly, inactivated viruses induce less metabolic activity 
in cells than live virus, thus simplifying the search for the point 
where the interference with virus growth occurs. Secondly, 
inactivated viruses can induce interference at doses of virus 
which do not produce obvious cytopathic effects, so that cellu- 
lar disorganization can be excluded as a cause of interference 
by inactive virus. Henle (1950) has reviewed very thoroughly 
the subject of virus interference, with special reference to 
studies with inactivated influenza viruses in the allantoic 
cavity, and among the points established by this and some 
later studies are these: 

i. Interference is a function of the inactivated virus particle 
itself, as shown by studies of its physico-chemical properties 
and by the fact that the interfering activity is neutralized by 
specific antiserum to the virus particle. 

ii. The interfering activity of the virus is distinguishable 
from other known properties of the virus by its different 
resistance to inactivation with ultra-violet light (Henle & 
Henle, 1947). 

iii. About ten particles of influenza virus inactivated by 
ultra-violet light are sufficient to induce interference in a cell. 
With virus inactivated by heat or by larger doses of irradiation, 
larger doses of virus are required to induce interference. 

iv. Interference is localized to the cells in direct contact 
with the inactivated virus. Thus, when interference was 
induced in the amniotic cavity of fertile eggs, the allantoic 
cavity was unaffected—and vice versa (Henle, Henle & 
Kirber, 1947). 

v. Inactivated influenza viruses are able to interfere with 
the growth of other myxoviruses and of completely unrelated 
viruses such as those of western equine encephalitis (WEE) 
and vaccinia (Henle & Henle, 1945; Depoux & Isaacs, 1954). 

vi. Interference is not established at once but takes some 
hours to become established (Fazekas de St Groth, Isaacs & 
Edney, 1952; Henle & Paucker, 1958). 

These findings apply to one experimental system which was 
studied extensively, and it would be a great advantage to 
know how widely applicable they are. Unfortunately, little 
work has been carried out in eggs or tissue cultures with 





inactivated viruses other than myxoviruses. Ledinko & 
Melnick (1954) found that inactivated poliomyelitis virus did 
not prevent the cytopathogenic action of live virus subse- 
quently inoculated into cultures of monkey testis; it would be 
interesting to look for a possible reduction in virus yield in 
this experimental system. 

Lockart & Groman (1958) found that WEE virus whose 
infectivity was reduced 107-fold to 10°-fold by prolonged 
incubation at 37° C. inhibited the multiplication of homo- 
logous virus grown in monolayers of L-cells. As in the case of 
interference by inactivated myxoviruses, 12-14 hours’ 
incubation of cells with inactive WEE virus were necessary 
to establish maximal interference. The partially inactivated 
WEE virus also reduced the number and size of plaques 
produced by homologous virus in chick-embryo monolayers. 

Cooper (1958) has shown that partially inactivated vesicular 
stomatitis (VS) virus produces interference which seems to 
be quite unlike other forms of interference among animal 
viruses. VS virus inactivated by freezing at —20° C., and by 
irradiation with ultra-violet light to the point at which 
10~4-10-5 of the original infectivity remained, had the inter- 
esting property of completely inhibiting growth of VS virus 
of a different serological type in 60-80% of the cell popula- 
tion, although treated cells gave a full yield when infected by 
homotypic virus. The interference was rapidly established 
and addition of the second inoculum only 12 minutes after 
the first still gave significant interference. It would be inter- 
esting to know whether interference of this kind would occur 
with virus inactivated to the point at which no residual 
infectivity could be detected. Cooper, in the paper cited above, 
also refers briefly to the fact that stocks obtained by passaging 
virus in the undiluted state contain a non-infective component 
capable of causing marked homotypic interference. 


2. Site of Interference 


In studies of interference by influenza viruses a frequently 
recurring theme is that interference is due to the interfering 
virus preventing the challenge virus from being adsorbed to 
the cell surface. The viruses of the influenza group have an 
enzyme (neuraminidase) which is able to destroy cellular 
receptors for other viruses of the same group and, when a 
large dose of enzymically active virus is used, it can induce 
interference by receptor destruction. Baluda (1959) finds that 
this is the mechanism by which large doses of inactivated 
Newcastle disease virus interfered with the growth of the 
same virus in tissue culture (Baluda, 1957). However, on 
inactivation by ultra-violet light, the interfering activity of 
influenza virus is lost before the enzymic activity of the virus 
is significantly affected (Henle & Henle, 1947), and conversely, 
interference can be induced by virus in which the enzymic 
activity has been destroyed (Isaacs & Edney, 1950). Also, 
interference is effective against viruses which do not share 
cell receptors with viruses of the influenza group (Schlesinger, 
1951). Exclusion of challenge virus from the cell surface 
cannot therefore account for the interference described in 
many of the published reports, particularly where the use of 
excessively large doses of interfering virus is avoided. 

Theoretically another possible mechanism of interference 
could be prevention of virus liberation from cells, an effect 
which occurs to a small extent after influenza-infected cells 
are treated with «-amino-p-methoxyphenylmethanesulphonic 
acid (Ackermann & Maassab, 1954). However, in allantoic 


VIRAL INTERFERENCE AND INTERFERON A. Isaacs & D. C. Burke 


186 






cells in which interference had been induced, no evidence of 
accumulation of influenza virus or soluble antigen was found 
(Isaacs & Fulton, 1953). The absence of accumulation of 
soluble antigen is interesting, since recent work tends to 
confirm the important role which Hoyle (1953) attributed to 
it in the virus growth cycle. In particular, Breitenfeld & 
Schafer (1957) have shown that the soluble antigen of fowl- 
plague virus (serologically an influenza A virus) is formed in 
the nucleus of infected cells; whereas the virus haemagglutinin 
is formed in the cytoplasm, the two being assembled together 
near the cell surface. It would seem then that interference 
affects an early stage in virus growth, but it is not known 
whether the block affects the production of soluble antigen 
itself or occurs before that stage. It is also not known whether 
interference occurs in the cell nucleus or the cytoplasm. 

In interference induced by inactivated influenza virus with 
the growth of unrelated viruses, some hours are required for 
maximal interference to be established. However, Henle (1949) 
found that interference with the production of a single cycle 
of infective influenza A virus could still be induced by inocu- 
lating homotypic irradiated virus after the live virus. Hetero- 
typic virus (influenza B) did not have the same effect. Signi- 
ficant inhibition of the virus cycle occurred even after an 
interval of three hours, by which time some soluble antigen 
production can normally be demonstrated. But it is not 
known whether the homotypic irradiated virus interrupts 
further production of the type-specific soluble antigen at this 
time or operates at a later stage in the virus growth cycle. 

In summary, interference by live virus is likely to result 
from many different causes. Interference by inactivated 
viruses seems to include at least four distinct mechanisms. 

i. Exclusion of challenge virus from the cell surface by a 
large dose of enzymically active virus. 

ii. The effect of homotypic irradiated influenza virus 
inoculated after the challenge virus. 

iii. Heterotypic interference produced by VS virus. 

iv. The effect of inactivated myxovirus given some hours 
before challenge with a variety of unrelated viruses; this has 
been called “heterologous interference”. There is some 
evidence that heterologous interference may be mediated 
through the production of a substance called “‘interferon”’. 


3. Characteristics of Interference Produced by Interferon 


During studies of interference produced by heat-inactivated 
influenza virus in fragments of chick chorio-allantoic mem- 
brane, it was observed that, when the inactive virus and tissue 
were incubated together, a virus-interfering substance was 
produced with physico-chemical properties different from 
those of the inactive virus (Isaacs & Lindenmann, 1957). 
The substance was called “interferon” because it was found 
that interferon was formed under experimental conditions in 
which virus interference was established. In what follows, 
some of the characters of viral interference produced by inter- 
feron are described. 

i. Interferon inhibits the growth of a wide variety of viruses, 
including strains of influenza A and B, Newcastle disease of 
fowls, Sendai (para-influenza 1, see p. 221 of this Bulletin), 
vaccinia and cowpox. The interference can be demonstrated 
in vitro and in fertile hen-eggs, and the degree of interference 
is independent of the dose of challenge virus over quite a 
wide range of dosage. 

ii. Interference by interferon is not established at once, but 
takes some hours of incubation at 37° C. When adsorption 
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of interferon was allowed to occur at 37° C., and the tissues 
were then washed, further incubation overnight at 37° C. 
before challenge resulted in greater interference than with 
overnight incubation at 2° C. 

iii. Interferon had no effect on viruses in vitro; nor did it 
prevent the adsorption of fowl-plague virus or vaccinia virus 
to cells, as shown by our colleague Dr A. C. Allison with 
isotope-labelled viruses. We have also found that interferon 
prevented the development of the soluble antigen of influenza 
virus when interference was established. 

iv. The action of interferon has been demonstrated in 
different types of culture, e.g., in chick-embryo fibroblasts, 
calf-kidney cells and human cell lines. Oneespecially interesting 
finding has emerged. Tyrrell (personal communication) found 
that interferon prepared in calf-kidney cells gave better inter- 
ference when tested in calf cells than when tested with the 
same virus in chick chorio-allantoic membranes. Conversely, 
interferon prepared in chick chorio-allantoic membranes 
was more active when tested in chick cells than in calf cells. 
At the moment the reason for this apparent specificity of 
action of interferon is not known, nor is it known how 
general this effect is. 

y. The assumption that interference by inactive virus is 
mediated through interferon is therefore based on the resem- 
blance between the two forms of interference and the fact 
(described further in section 4) that establishment of inter- 
ference has been found to be closely correlated with produc- 
tion of interferon. There is one further resemblance between 
interference induced by heated influenza virus and by inter- 
feron. In each case, challenge by live virus is accompanied by 
the production of more interferon (Isaacs & Burke, 1958). 
This result could be interpreted as an explanation of hetero- 
logous virus interference by postulating that inactive virus 
induces cells to produce interferon, which may resemble an 
intermediate product of normal virus synthesis. This would so 
alter cells that, when they are then infected with live virus, 
they are induced to synthesize more interferon in place of the 
normal virus intermediate, i.e., interference represents a 
redirection of virus synthesis towards the production of 
interferon. This is a very speculative suggestion which may 
nevertheless be of value in stimulating alternative hypotheses 
and further experimentation. 


4. Production of Interferon 


Interferon has been produced from several kinds of cells 
treated with different strains of myxovirus which were inacti- 
vated by various methods. Variations in procedure have given 
products whose properties are superficially alike but, since 
there is no specific test for interferon, it is not yet known 
whether a single substance or a group of similar substances 
exists. 

Various strains of influenza, fowl-plague virus and New- 
castle disease virus all produced interferon that was found to 
be no more active against homologous virus than against 
heterologous strains. Inactivating influenza A virus by heat- 
ing at 56° C. for one hour gave a product in which no residual 
infectivity could be demonstrated and this produced moderate 
yields of interferon. Inactivation at 60° C. for one hour 
abolished both the interfering activity and the ability to pro- 
duce interferon. Inactivation by irradiation with ultra-violet 
light had been known to give a better interfering agent than 
heating at 56° C., and it also produced higher yields of inter- 
feron. Progressive irradiation of the virus led to a progressive 
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loss of interfering activity and of the ability to produce inter- 
feron. Interferon was also produced by influenza virus 
inactivated by prolonged incubation at 37° C., and by 
incomplete virus prepared by the method of von Magnus 
(1951), but not by virus inactivated with 0.02% formaldehyde. 
In all these cases a correspondence was noted between the 
ability of virus to induce interference and to produce inter- 
feron. Another example of this correspondence is provided by 
experiments of Lindenmann (personal communication). It 
is known that interference by heated influenza virus is not 
established at once but requires some hours’ incubation at 
about 37° C. Lindenmann found that production of inter- 
feron by heated influenza virus could be prevented by inocu- 
lating live virus along with the heated virus, i.e., interferon 
was not produced when interference was not yet established. 
This also suggests that in interference the cell was deflected 
from the synthesis of virus towards the synthesis of interferon, 
implying that two alternative metabolic pathways exist. Thus 
cells stimulated to produce live virus cannot at the same time 
be stimulated by heat-inactivated virus to make interferon, 
only one pathway being possible at a time. 

Interferon is not a self-replicating molecule, and all attempts 
to show production of interferon by cells treated with inter- 
feron alone have proved negative. Production by live virus 
is a more complex problem. In early experiments live in- 
fluenza virus was grown for 24 hours on the chick chorion, 
and its behaviour was compared with that of both ultra- 
violet-inactivated and incomplete viruses. Under these condi- 
tions the live virus did not produce interferon (Burke & Isaacs, 
1958a). Later Tyrrell (1959) found that when Sendai virus was 
grown in calf-kidney cultures interferon was produced after 
the first 24 hours’ growth, at a time when virus production 
had passed its peak. Tyrrell’s findings were confirmed with 
whole chick chorio-allantoic membranes infected with live 
influenza virus at high multiplicity. During the first 24 hours’ 
incubation, virus production was at its peak and no inter- 
feron was produced. Later, as virus production was declining, 
interferon was produced (Burke & Isaacs, 1958b). This action 
could conceivably result from the effect of virus spontaneously 
inactivated during the first 24 hours’ incubation at 37° C. but, 
whatever the explanation, it seems that interferon is not 
produced while the cells are fully engaged in virus production. 

Henle, Deinhardt, Bergs & Henle (1958) have studied 
cultures of human cell lines which were persistently infected 
with Newcastle disease and other viruses. The infected cells 
showed no spontaneous cell degeneration and they were 
resistant to the cytopathogenic action of viruses like VS virus. 
Resistance could also be induced by treating cells with New- 
castle disease virus irradiated with ultra-violet light (Bergs, 
Henle, Deinhardt & Henle, 1958), and these effects seem to 
be manifestations of virus interference. Recently W. Henle 
(personal communication) and co-workers have found that 
the resistance induced by ultra-violet-inactivated myxoviruses 
in these cells could be accounted for by the production of a 
substance which closely resembled interferon in being inacti- 
vated by trypsin but unaffected by absorption with red cells, 
addition of viral immune serum or centrifugation at 25,000 g. 
Furthermore, Henle and co-workers have recently found that 
persistently infected cultures produce small amounts of inter- 
feron and it seems quite likely therefore that interferon is 
involved in the resistance shown by persistently infected 
cultures. 

Ho & Enders (1959) have found that during the growth of 





an avirulent chick-embryo-adapted Type 2 poliomyelitis 
virus in human kidney cells a factor appeared in the medium 
which inhibited the infection of human amnion and renal cells 
by homotypic and heterotypic poliomyelitis viruses and by 
unrelated viruses. The inhibitory factor did not act on the 
challenge virus directly, nor did it prevent the uptake of 
challenge virus by cells. It was not neutralized by viral anti- 
serum, it was non-dialysable, nor was it sedimented under 
conditions which would sediment poliomyelitis virus. This 
substance has similar properties to those described for inter- 
feron, and Ho and Enders suggest that it may play a role in 
the mechanism of resistance to viral infections. 


5. Properties of Interferon 


Interferon differs in a number of ways from the inactivated 
virus from which it is prepared. It is serologically distinct 
from the virus, for its activity was not affected by a ferret anti- 
serum of high potency for the strain of virus used. In contrast 
to the virus, interferon is not significantly absorbed by chick 
red cells. Interferon can also be distinguished from inacti- 
vated virus by physico-chemical tests; it was not sedimented 
by centrifugation at 100,000 g for four hours, whereas in- 
fluenza virus is sedimented by 25,000 g in 30 minutes. Filtra- 
tion through a series of gradocol membranes gave an end- 
point for interferon below 0.048 », but influenza virus is held 
back by a 0.18 » membrane. However, interferon is non- 
dialysable, and so it is in the size range of many other biolo- 
gically active macromolecules. It is stable in the cold for some 
weeks but activity is completely destroyed by heating at 60° C. 
for one hour, or at 100° C. for five minutes. Interferon is 
stable over the pH range 2-11, and its stability at pH 2 is use- 
ful for distinguishing its interfering activity from that of 
inactivated virus. Even when it is mixed with oily adjuvants, 
interferon appears to be non-antigenic. 

Because interferon has not yet been isolated in pure form, 
its chemical nature has been studied so far only by observing 
the effect of specific enzymes and other reagents on its activity. 
The activity is not affected by ribonuclease, deoxyribonuclease 
or by the receptor-destroying enzyme of Vibrio cholerae. It 
resisted treatment with 0.001 mM-sodium periodate (a reagent 
which reacts with many carbohydrates), but it was destroyed 
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by shaking with ether. Several properties suggest that inter- 
feron is a protein. The proteolytic enzyme pepsin rapidly 
destroyed its activity, while treatment with trypsin led to 
partial inactivation. It was also destroyed by shaking with 
amyl alcohol-chloroform. It was only slowly inactivated by 
ultra-violet light with a maximal intensity at 2,537 A and it 
was precipitated by saturation with ammonium sulphate. 
The slight residual activity after trypsin digestion was not 
affected by ribonuclease but, despite this, the possibility that 
there may be, for example, nucleic acid masked inside the 
protein cannot be excluded, and pure material must be 
obtained before its chemical constitution can be settled 
unequivocally. 

The methods which are being used for the purification of 
interferon are those which have been worked out for the 
enzymes, the purification being followed by determination 
of the protein content of active solutions. The original 
solution contains too little protein for ammonium sulphate 
fractionation to be effective, but precipitation with ammonium 
sulphate is a convenient method of concentration. Pressure 
dialysis can also be used for concentration. Treatment over- 
night at pH 2 removes a considerable amount of non-protein 
material from solution and also serves as a convenient 
sterilizing step. However, although the biological activity is 
not affected by treatment at pH 2, the behaviour during chro- 
matography on columns of modified cellulose (Peterson & 
Sober, 1956) is affected, probably because of some change in 
the charge of the active molecule. Chromatography on 
columns of the modified cellulose ion-exchange resins or on 
columns of calcium phosphate (Tiselius, Hjerten & Levin, 
1956) gives some purification, and it is hoped that, by suitable 
combination of these methods, interferon substantially free 
from contaminants will be obtained. 

In summary, there is evidence that heterologous interference 
produced by inactivated myxoviruses is mediated through 
the production of a protein called interferon. It is suggested 
that interferon may act by deflecting the cell from synthesizing 
a normal virus intermediate towards the synthesis of more 
interferon. Many problems have arisen in the course of this 
work, and future studies may help to determine a possible role 
for interferon in cellular resistance to virus infection. 
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Since viruses of medical interest were last reviewed in this 
Bulletin (British Medical Bulletin, 1953, Vol. 9, No. 3) the 
whole approach to the study of virus multiplication has been 
changing rapidly. Six years ago the multiplication of the 
bacterial viruses was already being fruitfully studied by bio- 
physical and biochemical techniques as well as by infectivity 
titrations and serological methods. The bacteriophage 
workers have maintained their lead and now (see, for example, 
Brenner, 1958; Horne & Brenner, 1958) can isolate and study 
the formation of different sub-units of bacterial viruses. In 
spite of the greater technical difficulties in studying animal 
viruses a variety of methods has now been applied successfully 
to the investigation of animal virus multiplication. The ap- 
plication of tissue-culture methods has made this possible in 
many cases. 

All viruses contain protein and nucleic acid. Animal 
viruses can be classified according to whether they contain 
ribonucleic acid (RNA) (for example influenza virus and 
poliovirus), or deoxyribonucleic acid (DNA) (for example 
the virus of vaccinia). In addition some viruses contain 
lipid material. These virus components are produced and 
assembled in the infected cell which may itself undergo de- 
generation. The present paper is concerned with the changes 
associated with virus infection that can be demonstrated by 
visual and chemical methods. 


1. Cytological and Cytochemical Techniques 


With the phase-contrast microscope it is possible to ob- 
serve living infected cells without disturbing them in any 
way (Plate I, A, B). It is a remarkable experience to watch 
a film taken with a time-lapse cine-camera; infected cells may 
then be seen to distend with vacuoles or to “boil”, shedding 
fragments of cytoplasm, before becoming rounded and 
motionless and falling off the glass. In the case of influenza 
virus, these changes are followed by a burst of mitotic activity 
in some apparently normal cells (Negroni & Tyrrell, 1959). 
Such observations have most value when correlated with 
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virus titrations. 
filmed single cells which had been infected with poliovirus 
and isolated in microdrops under oil. They removed medium 
at intervals with a micropipette and assayed its content of 
infectious virus by the plaque method. For the first hours 
after infection the cells appeared normal and released no 


Lwoff, Dulbecco, Vogt & Lwoff (1955) 


virus. Subsequently virus was released whilst the cells 
“boiled” and became rounded. 

Cells fixed and stained by conventional methods may show 
minor changes in the nucleus and cytoplasm during the early 
period when no changes can be seen by phase-contrast micro- 
scopy. Moreover, by means of new cytochemical methods it 
is in some cases possible to recognize early changes in the 
nucleic acids in the infected cell. Armstrong (1956) has 
shown that nucleic acids may be detected by their fluorescence 
in fixed cells treated with acridine orange or related compounds 
and exposed to blue-violet light. The fluorescence of DNA is 
greenish-yellow and that of RNA is red. For example, the 
DNA of pox viruses appears as greenish-yellow masses or 
particles in the red cytoplasm of host cells. This virus DNA, 
unlike the nuclear DNA, is not removed by treatment with 
deoxyribonuclease unless the cells have been previously 
treated with a proteolytic enzyme (Armstrong & Niven, 1957). 
The acridine orange method demonstrates the early in- 
crease of DNA in the nuclei of HeLa cells infected with herpes 
virus (Ross & Orlans, 1958) and of RNA in the cytoplasm of 
cells infected with poliovirus (Tenenbaum, 1957); these 
changes have also been shown by biochemical methods (see 
section 4b). 

The cytoplasm of cells infected with influenza virus may 
stain deeply for RNA by conventional methods but the nuclei 
appear normal. Acridine orange staining shows that there is 
nevertheless a striking accumulation of RNA in the nucleus 
(Plate I, C), which is removed by ribonuclease treatment 
(Anderson, Armstrong & Niven, 1959). This accumula- 
tion may be caused by the formation in the nucleus of the 
soluble complement-fixing (CF) viral antigen, which is a 
ribonucleoprotein. At what may be a later stage in the 
infection, abnormal concentrations of RNA may also be 
detected in the cytoplasm by this method (Plate I, D). 


2. Fluorescent Antibody Techniques 


On p. 194 of this symposium Belyavin has described the 
technique of Coons & Kaplan (1950) for “‘staining”’ antigens 
by means of antibody coupled to a fluorescent dye. The 
method has obvious application to studies on the nature of 
virus multiplication, for it has revealed that, in cells infected 
with influenza, the soluble antigen in the nucleus appears in 
advance of stainable material in the cytoplasm (Watson & 
Coons, 1954; Liu, 1955) (Plate II, E). 

Breitenfeld & Schafer (1957) refined the method still further 
by using specific sera against fractions prepared from purified 
particles of fowl-plague virus (a member of the influenza A 
virus group). They showed that, while soluble CF antigen 
appeared in the nucleus and spread to the cytoplasm, the 
antigen of the virus haemagglutinin appeared later than the 
CF antigen and was detected first in the cytoplasm near the 
nucleus. In contrast to these results, some other viruses, 
such as psittacosis and vaccinia, appear to grow wholly 
within the cytoplasm, as individual particles or as colonies. 

In future work the use of specific antisera against purified 
virus fractions may provide information on where, when and 
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how the components of a virus particle are assembled into 
a complete unit. It may then be possible to relate this in- 
formation to the findings which suggest that host components 
become incorporated into viruses. For instance, host antigen 
seems to be present at the surface of purified influenza virus 
particles (Smith, Belyavin & Sheffield, 1955), and the lipid 
composition of this virus resembles that of the host cells 
(Frommhagen, Freeman & Knight, 1958). Furthermore, 
influenza virus filaments are ruptured by the same reagents 
which rupture cell surfaces (Burnet & Lind, 1957). 


3. Electron Microscopy 


It is now possible to prepare ultra-thin sections of cells 
fixed in buffered osmic acid and embedded in plastic, and the 
basic structure of cells, especially of cytoplasm, in such sections 
is well known. However, there are difficulties in identifying 
virus components in sections of infected cells since selective 
staining is not possible and virus particles can be distinguished 
from normal cell components only by their distinctive size 
and structure. Moreover, hundreds of sections would be 
required to examine a single cell completely. Attempts to 
recognize the smaller virus particles such as those of polio- 
myelitis in the infected cell (Kallman, Williams, Dulbecco & 
Vogt, 1958) have failed, although the development of several 
of the larger viruses has been successfully studied in this way. 
For instance, herpes virus particles are first recognizable 
inside the nucleus near the nuclear membrane, where the 
fairly uniform structure of the chromatin is replaced by groups 
of roughly rounded objects each with a limiting membrane 
(Morgan, Ellison, Rose & Moore, 1954a; Stoker, Smith & 
Ross, 1958). Similar particles are seen in the cytoplasm ap- 
parently in transit to the cell surface, and these possess a 
second limiting membrane. In contrast, adenovirus particles 
are recognizable only in the nucleus (see Plate II, F). In the 
case of certain types, they are packed in crystalline arrays 
(Kjellén, Lagermalm, Svedmyr & Thorsson, 1955; Morgan, 
Howe, Rose & Moore, 1956). Intranuclear masses can also 
be seen with the light microscope (Leuchtenberger & Boyer, 
1957), and those which show the staining reactions typical of 
DNA are apparently aggregates of virus particles (Boyer, 
Leuchtenberger & Ginsberg, 1957; Bloch, Morgan, Godman, 
Howe & Rose, 1957). The number of particles in these ag- 
gregates, as estimated from their size and the packing of the 
particles within them, is consistent with the yield of adenovirus 
per cell (Pereira, Allison & Balfour, 1959). 

In cells infected with vaccinia virus the virus particles, 
which have a complex and characteristic structure (Peters, 
1956; Epstein, 1958), have been seen developing in localized 
areas of cytoplasm (Eaves & Flewett, 1954; Morgan, Ellison, 
Rose & Moore, 1954b). On the other hand no virus particles 
are recognizable in the nucleus or cytoplasm of cells infected 
with influenza virus, but the virus can be seen developing at 
the cell surface (Plate II, G). Morgan, Rose & Moore (1956) 
have shown that the spherical and filamentous forms of 
influenza virus appear at the surface of infected cells, and this 
confirms the earlier studies of Hoyle (1954) with the dark- 
ground microscope and of Wyckoff (1953) with the electron 
microscope. Both particles and filaments are formed as 
projections of the cell surface. In this way the cell surface 
seems to be continuous with the virus surface during develop- 
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ment. This may account for the phenomenon of haemadsorp- 
tion (Vogel & Shelokov, 1957) in which red cells adhere to the 
surface of tissue-culture cells from which influenza and related 
viruses are being released. 


4. Biochemical and Radioisotope Studies 
a. Initiation of Infection 


Following the demonstration by Gierer & Schramm (1956) 
that RNA from tobacco mosaic virus can infect host cells, 
infectious RNA has now been prepared from several of the 
smaller animal viruses, such as poliovirus and encephalo- 
myocarditis virus, or from cells infected with these viruses 
(Colter, Bird, Moyer & Brown, 1957; Alexander, Koch, 
Mountain & Van Damme, 1958; Huppert & Sanders, 1958). 
This suggests that at some time after a virus particle adsorbs 
to the cell surface nucleic acid may be released from the 
particle into the cell. Attempts have been made to trace the 
fate in the host cell of virus nucleic acid and protein labelled 
with radioactive isotopes. Influenza A virus and the closely 
related fowl-plague virus containing labelled nucleic acids 
have been prepared by growing these viruses in the presence 
of radiophosphorus (Hoyle & Frisch-Niggemeyer, 1955; 
Wecker & Schafer, 1957). After infection most of the nucleic 
acid of these viruses became bound to insoluble cell compon- 
ents, and the remainder was liberated as CF antigen (ribonu- 
cleoprotein), free RNA, and material of low molecular weight. 
On the basis of corresponding experiments with radiosulphur- 
labelled influenza virus, Hoyle & Finter (1957) have suggested 
that after infection most of the virus protein remains at the 
cell surface. 


b. Changes in Cell Metabolism 


Since virus growth represents the formation of new materials 
within the host cell, metabolic changes may be expected to 
follow infection. In some cases these can be detected before 
infection can be demonstrated by other methods. Early 
changes are more likely to be specifically due to virus in- 
fection than those found later when cell damage may also be 
evident. Although no reactions have yet been discovered 
which differ qualitatively from those occurring in the unin- 
fected cell, quantitative changes have been found in nucleic 
acid and protein synthesis and in the catabolic processes on 
which they depend for a supply of energy and precursors. 

In HeLa cells large increases have been found in the cyto- 
plasmic RNA after poliovirus infection (Maassab, Loh & 
Ackermann, 1957) and in the nuclear DNA after infection 
with herpes virus (Newton & Stoker, 1958). These increases 
began before the virus titre had risen and were far greater 
than could be accounted for by the nucleic acid in the newly 
formed virus. Moreover the additional RNA in HeLa cells 
infected with poliovirus had the composition characteristic 
for the host rather than for the virus (Ackermann, 1958). 
These changes could therefore represent a response of the 
cell other than the synthesis of virus nucleic acid. The in- 
crease in RNA in HeLa cells infected with poliovirus (Type 1) 
was accompanied by a more rapid incorporation of radio- 
phosphorus into RNA (Maassab et ail. 1957). In contrast 
Goldfine, Koppelman & Evans (1958) found that the in- 
corporation of radioactive nucleosides into RNA was in- 
hibited in HeLa cells infected with poliovirus (Type 3). 
Radioactive precursors have also been used in attempts to 
demonstrate changes in the rate of RNA metabolism when 
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(continued) 


E. Calf-kidney cells infected with influenza A virus 
(WS strain) and treated first with rabbit antiserum to 
influenza virus and then with goat antiserum to rabbit 
globulin conjugated with fluorescein (‘‘sandwich”’ 
method). The specimen is viewed by ultra-violet 
light. Superimposed on the faint outline of the cell can 
be seen the stained area in the nucleus 

(magnification ~ 850) 


F. HeLa cell 30 hours after infection with 
adenovirus Type 5. Dense virus particles 
are seen in the nucleus 

(magnification © 7,500 


G. Electron micrograph of ultra-thin section of tissue 
culture of calf-kidney cells infected with influenza A virus and 
fixed in situ with buffered osmic acid. Part of nucleus and 
cytoplasm of a cell. Virus particles at the cell surface 
(magnification « 5,000) 
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there is no measurable change in the amount of RNA. Thus 
the rate of radiophosphorus incorporation into RNA was 
increased in HeLa cells infected with adenovirus (Levy, 
Rowe, Snellbaker & Hartley, 1957), and radiophosphorus 
which had previously been incorporated into the RNA of 
mouse ascites tumour cells was lost more rapidly after in- 
fection with encephalomyocarditis virus (Levy & Snellbaker, 
1956). Joklik & Rodrick (1958) found that there was a more 
rapid incorporation of radioactive adenosine into the micro- 
somal RNA of L-cells infected with vaccinia virus, and sug- 
gested that this was associated with the synthesis of virus 
protein. 

The protein content of HeLa cells is increased after in- 
fection with poliovirus (Ackermann, 1958) and with equine 
abortion virus (Moore & Randall, 1958), but this could re- 
present continued cell growth without division, since virus 
infection often inhibits cell multiplication. Malec, Martin & 
Work (1959) found that after infection with encephalomyocar- 
ditis virus there was an increased rate of incorporation of 
radioactive amino acids into the microsomal protein of mouse 
ascites tumour cells, and this may reflect an increased rate of 
protein synthesis. On the other hand, HeLa cells infected 
with adenovirus showed an early increase in the rate of up- 
take of labelled amino acids without evidence of more rapid 
incorporation into protein (Levy et al. 1957), and the uptake 
of glycine by monkey-kidney cells was 50% inhibited after 
poliovirus infection (Levy & Baron, 1957). 

The most commonly observed change in the energy meta- 
bolism of intact virus-infected cells is an increased rate of 
aerobic glycolysis, often associated with a rise in glucose 
consumption and phosphate uptake. This has been found in 
tissue-culture cells infected with adenovirus (Fisher & 
Ginsberg, 1957; Levy et al. 1957; Rozee, Ottey & van Rooyen, 
1957), and poliovirus (Levy & Baron, 1957; Becker, Grosso- 
wicz & Bernkopf, 1958). The respiration rate, on the other 
hand, is generally unaffected until the onset of cytopathic 
changes. Thorsson & Dianzani (1955) have correlated the 
increase in oxygen uptake by chorio-allantoic membranes 
infected with several viruses with an uncoupling of oxidative 
phosphorylation. The latter may reflect an early structural 
lesion of the mitochondria. Damage of the mitochondria, as 
shown by swelling, occurs in cell degeneration due to many 
causes, including virus infection. The inhibition of glycolysis 
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(Racker & Krimsky, 1946) and pyruvate oxidation (Bradley, 
1957) in brain tissue at an advanced stage of virus infection 
could also be non-specific consequences of cell damage. 
Nevertheless this type of change may in some circumstances 
conveniently indicate whether cells have been infected by 
virus. 


c. Studies with Antimetabolites 


Analogues of intermediary substances in cell metabolism 
have been shown to inhibit virus synthesis. Antimetabolites 
of respiratory substrates, for example malonate and fluoro- 
acetate, inhibit the growth of influenza virus and poliovirus 
(Ackermann & Francis, 1954), and the multiplication of many 
viruses is inhibited by analogues of amino acids and of 
nucleic acid precursors (Matthews & Smith, 1955; Hurst & 
Hull, 1956). For example, 5:6-dichlorobenzimidazole 
riboside inhibited the incorporation of adenosine into RNA 
and suppressed the growth of influenza virus, provided that 
it was added within three hours of infection (Tamm, 
1958). In general, antagonists which suppress virus growth 
also inhibit normal cell metabolism at about the same 
concentration. 


5. Conclusion 


The study of virus multiplication is making rapid progress 
and has been marked by a fruitful interchange of ideas and 
techniques with other branches of science, such as biochem- 
istry and genetics, which have previously seemed unrelated 
subjects. However, there are many important questions still 
unanswered. For example, how does virus nucleic acid re- 
produce itself within the cell? How are virus components 
transported about the cell? Why do cells which produce a 
quite small mass of virus particles often degenerate? Studying 
these may help us to understand better the behaviour of 
normal cells and also help us to devise methods for controlling 
virus infections. They are also fascinating questions in their 
own right. 
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URWN 


That viruses are antigenic is a truism. As a consequence, 
however, it is not remarkable that virology shares a number 
of standard techniques in common with the rest of general 
immunology. Thus many new serological techniques used in 
virus research are new only because they have been recently 
imported from some other branch of immunological science 
where they have been initially tested and developed. The fact 
that viruses possess combinations of biological properties 
uncommon amongst antigens as a class means that some of 
the borrowed methods have undergone modifications, and 
even that occasionally a technique has been developed utilizing 
a property peculiar to a virus and thus peculiar to the field 
of virology. For the purposes of this paper, “‘new”’ has been 
allowed to mean “‘new to virology”, irrespective of origins, 
and this qualification is all the more important as it must be 
admitted that the recently imported techniques outnumber the 
truly indigenous ones. 

Recently the fluorescent antibody technique and the specific 
flocculation reaction have been introduced into virus serology, 
and these have been considered first owing to the comparatively 
large amount of work which has been produced by workers 
with these methods. Amongst the techniques more peculiar 
to the virus field, haemadsorption in particular, and also 
immune-adherence, have been included although—partly 
owing to their more recent development and partly, perhaps, 
because of greater difficulties in technique—less published 
work on these topics is available. 


1. Direct Flocculation of Viruses 


Nearly 30 years ago, it was shown that vaccinia and variola 
virus would form visible floccules in the presence of specific 
antibodies and that this reaction was analogous to the aggluti- 
nation or precipitation of bacteria, red cells, and particulate 
non-cellular antigens (Burgess, Craigie & Tulloch, 1929; 
Craigie & Tulloch, 1931; Ledingham, 1931, 1932, 1933). 
Subsequently it was found that certain plant viruses were 
similarly flocculable, and the reaction was used extensively in 
studying the serology of certain members of this group. 

Quite recently specific flocculation of the influenza viruses 
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(Belyavin, 1955), mumps and Newcastle disease virus (Belyavin, 
1957) and the virus of poliomyelitis (Smith, Sheffield, Lee & 
Churcher, 1956) has been clearly demonstrated. As the viruses 
occupy in size a range midway between the bacterial cell on 
the one hand, and large protein molecules on the other, it 
would seem reasonable to suppose that all the animal viruses 
should be susceptible to direct flocculation. Size of itself is 
unlikely to preclude specific aggregation, for antigens occu- 
pying the two extremes of the size range, and also the approxi- 
mate midpoint, are now known to be flocculable. That 
success in the flocculation of several animal viruses has only 
recently been achieved has probably depended upon obtaining 
these antigens in sufficiently pure and concentrated state. The 
former condition is perhaps rather more important than the 
latter, at least in some systems. It has been shown, for instance, 
that chick-embryo allantoic fluid, and the sera of many animal 
species, contain substances which will inhibit the specific 
flocculation of the influenza viruses (Belyavin, 1955, 1956) and 
that in their absence visible flocculation of quite low concen- 
trations of virus will occur. 

The reaction may be brought about in two main ways. In 
what may be termed the “‘classical”’ method, virus antigen and 
serum are mixed in the form of diluted suspensions and solu- 
tions, as is usual in the carrying out of ordinary bacterial 
agglutinations. It is useful to call such a system one of “free” 
flocculation or precipitation to distinguish its physical circum- 
stances from the arrangement where antigen and antibody are 
allowed to diffuse towards each other in the aqueous phase 
of an agar gel. Precipitation of the components in such a 
system occurs in zones localized along a concentration 
boundary, and this condition may be indicated by using the 
term ‘‘boundary”’ flocculation to describe it. The method has 
been widely used in serology and is generally known as gel- 
diffusion precipitation. As the two systems differ in their 
intrinsic physical conditions, it is perhaps only right to discuss 
them under separate headings. It may be noted that the topic 
of virus flocculation has already been fully reviewed elsewhere 
(Smith, 1958). 


2. Virus Tube (or ‘‘Free’’) Flocculation 


It is perhaps only necessary to reiterate that this method 
involves the mixing of virus and antiserum in suitable dilutions 
as in any standard agglutination test, such as the Widal. This 
technique has at least the merit of simplicity as compared with 
almost any other serological method used in virology, such as 
haemagglutination inhibition, infectivity neutralization or 
complement fixation. From this point of view it would appear 
to have considerable advantages as a routine laboratory diag- 
nostic procedure, and it has already been shown that, in 
poliomyelitis, specific antibodies may be detected by this 
method both in the sera of convalescents and in some in- 
stances during the acute phase of infection (Smith et al. 1956; 
Churcher, 1958). By contrast, however, the sera of patients 
recovering from influenzal infection do not appear to contain 
flocculating antibodies against the virus when tested by this 
technique, although both haemagglutination-inhibiting and 
complement-fixing antibodies can be demonstrated (Belyavin, 
unpublished). The influenza viruses may, however, be readily 
typed antigenically by flocculation with specific rabbit anti- 
sera (Belyavin, 1957). Nevertheless, it would appear that from 
the purely practical view-point of the clinical laboratory the 
usefulness of the virus tube flocculation method is likely to 
be restricted to certain specific virus infections. 
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As a research tool, however, the technique can be of great 
value. The results already described above indicate that much 
may be learnt about hitherto unexplored facets of the anti- 
body response both in natural infection and in response to 
artificial immunization. The significance of flocculating anti- 
bodies in immunity, the circumstances in which they may be 
elicited, and the physical way in which they differ from non- 
flocculating antibodies are problems at least of general bio- 
logical interest. Using the tube technique, it is possible to use 
viruses in model flocculating systems where the known size 
of the antigen may be varied, and its effect on the reaction 
studied. 


3. Gel-Diffusion (‘‘Boundary’’) Precipitation 


Gel-diffusion precipitation has already been widely applied 
in serological analysis in two basic forms. In one, the “‘single- 
diffusion’’ method (Oudin, 1946), either antigen or antibody 
is allowed to diffuse into an agar column containing a uniform 
concentration of the other component. In the other case both 
reagents are allowed to diffuse towards each other from 
suitably spaced cups or holes in an agar layer, this being 
termed the “‘double-diffusion’’ method (Ouchterlony, 1948; 
Elek, 1949). In either case, opaque lines or zones of precipi- 
tation due to the union of antigen with antibody develop in 
some specific position within the diffusion zone (Plate III, A). 
The regions in which precipitation occurs are regarded as 
indicating the optimal proportions locus or boundary, for a 
given antigen-antibody system. Thus, as will be seen later, 
according to theory, for each line appearing in the agar there 
must exist a distinct antigen and corresponding antibody 
within the system. On this basis it is clear that the method is 
potentially a very powerful tool for qualitative antigenic 
analysis. 

Jensen & Francis (1953) were able to show that this tech- 
nique could distinguish between influenza viruses of different 
antigenic type, and the presence of multiple lines of precipi- 
tation in many instances was interpreted to mean that more 
than one antigenic component was involved. It is interesting 
to note that these workers obtained lines of precipitation in 
the agar system with pooled human sera and ferret convalescent 
sera. As this is at variance with the results obtained from 
convalescent serum titrations by tube flocculation (Belyavin, 
unpublished), it is possible that these two precipitation systems 
may differ in some fundamental functional aspect. 

The single-diffusion method has been applied with success 
to the antigenic analysis of the pox viruses by Gispen (1955), 
although the failure of this worker to obtain lines with the 
relatively large elementary body component of these viruses 
indicates the limitation imposed on this method by the 
diffusibility of the antigen. By the same method, satisfactory 
precipitations were elicited with the virus of foot-and-mouth 
disease (Bodon, 1955; Brown & Crick, 1957). The polio- 
myelitis virus has also been examined serologically, using the 
double-diffusion technique (Plate III, A) (Le Bouvier, 1957; 
Le Bouvier, Schwerdt & Schaffer, 1957), and a micromodifi- 
cation has been developed for the study of this virus (Grasset, 
Bonifas & Pongratz, 1958). In this case the agar gel is de- 
posited as a thin layer on microscopic slides, and the results 
are read either under the dark-field microscope or by naked 
eye following fixation and staining. 

Most of the work done with the gel-diffusion method has 
been analytical, and it is evident that this technique seems 


particularly well adapted to the qualitative analysis of anti- 
genic complexes or combinations of antibodies, and perhaps 
less suitable for quantitative work, although it has been shown 
that methods of antigen and antibody assay can be devised 
(Oakley & Fulthorpe, 1953; Boerma, 1956; Le Bouvier, 1957). 
Its value as an analytical method, however, is limited by the 
incompleteness of its fundamental theory. The development 
of a rigorous theoretical treatment of gel diffusion is clearly 
a more difficult matter than its experimental use, and so far 
only single-diffusion theory has been developed in any detail 
(Becker, Munoz, Lapresle & Lebeau, 1951a, 1951b; Oudin, 
1952; Spiers & Augustin, 1958). In every case the system has 
been treated as though it were a freely precipitating one, with 
the major modification that the relative concentration of the 
reactants varies both at any one instant from point to point 
throughout the system and also with time, as a result of the 
diffusion process. The gel is regarded as being inert, and 
precipitation of antigen with antibody is taken as occurring at 
a critical optimal proportion. It is arguable on a priori grounds 
as to how far the Fick equations of free diffusion are valid for 
this system, or whether flocculation of antigen with antibody 
is likely to be governed solely by optimal proportions, 
particularly in systems known to have no defined optima under 
free flocculating conditions. Nevertheless, the position of the 
leading edge of the precipitation zone, and its movement with 
time for different concentrations of antigen and antibody, are 
in general accord with theoretical prediction, and from the 
same theoretical functions it has been possible to derive 
diffusion coefficients for certain antigens, which are of the 
same order as those estimated by free diffusion methods 
(Becker et al. 195la, 1951b). It is, however, a fundamental 
assertion of all theories so far developed that only one precipi- 
tation line can be found with a single homogeneous antigen- 
antibody system. There are many workers, on the other hand, 
who claim to have demonstrated multiple lines with homo- 
geneous antigens (Ouchterlony, 1953; Jennings, 1954; Wilson 
& Pringle, 1955; Salvinien & Kaminski, 1955; Easty & Mercer, 
1958); such observations suggest that the general theory of 
gel precipitation may require recasting, together with a critical 
examination of the accepted premises. 


4. Fluorescent Antibody Technique 


The very small size of most viruses and their strictly intra- 
cellular habitat have rendered the details of their replicating 
process impossible to see by simple optical means. Much has 
already been achieved through the medium of ultra-thin 
section electron microscopy, and the development of the 
fluorescent antibody technique has added another experimental 
technique ingeniously adapted to the needs of the problem. 
The relatively high specificity shown by antigen-antibody 
reactions renders either component a very useful potential 
marker for the other. It has been shown that partially purified 
antibodies may be readily coupled chemically to a fluoro- 
chrome such as fluorescein isocyanate and used as a means of 
locating the distribution of a homologous antigen in tissue 
sections (Coons & Kaplan, 1950). A simple marker system of 
this kind is susceptible of elaboration in order to achieve 
greater specificity or flexibility of application. If an antigen 
is represented by A, the corresponding homologous antibody 


by a, a being the fluorochrome-coupled antibody molecule, 
the possible marker systems that may be used are summarized 
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in Table I. The basic arrangement for detecting tissue antigen 
is exemplified in Table I, method 1, and the simple re-arrange- 
ment in method 2 illustrates a marker system for demon- 
strating the tissue distribution of antibody. In method 3 a 


modified arrangement is shown, the fluorescent marker g 
being in this case an anti-y-globulin antibody. 

Tissues are usually prepared for examination by cutting in 
the frozen state, followed by drying and acetone fixation. The 
marker is applied by “‘staining”’ with the appropriate reagents 
used in the sequence required (e.g., as in Table I, methods 2, 3). 
The preparation is then examined in a dark-field microscope, 
using either an arc-lamp with filters or a mercury-vapour 
discharge lamp as illuminant. Careful specificity controls, 
such as normal tissue sections similarly treated and test 
sections blocked with homologous non-fluorescent component, 
are usually included. 


TABLE I. METHODS OF APPLYING FLUORESCENT 
ANTIBODY TECHNIQUE (see section 4) 


Method Component 


present in tissues Marker system 


| A---|--- a 
* 
z a---|--- A—a 
* 
3 A---|-- -a—g 
A: antigen 
a: corresponding antibody 
g: anti-y-globulin antibody 
*: coupled fluorescein 


The intracellular location of several virus antigens has now 
been demonstrated in different susceptible tissues. Using 
tissue cultures of human carcinoma cells, Noyes & Watson 
(1955) have located vaccinia virus by fluorescent antibody in 
the cytoplasm of these cells, and the multiplication of polio- 
virus (Buckley, 1956) and the Egypt 101 strain of West Nile 
virus growing intracerebrally in mice (Noyes, 1955) has also 
been studied. 

Use of the method has provided evidence suggesting that 
different parts of influenza and fowl-plague viruses may be 
elaborated in different parts of a cell; this possibility is dis- 
cussed elsewhere in this number by Tyrrell & Klemperer 
(p. 189). As an example of another possible application of this 
technique in virology, Weller & Coons (1954) claimed to have 
demonstrated multiplication of varicella and herpes zoster 
Virus in tissue cultures of human embryonic skin, muscle and 
foreskin, using a fluorescent antibody “double-layer” (see 
Table I, method 3). This would suggest that newly formed 
virus may be detectable in cell systems by this method, in 
the absence of any other change. 

New fluorochromes are now being investigated, and where 
the compound gives a fluorescent colour different from the 
greenish-yellow of fluorescein it is clearly possible to label one 
tlssue section simultaneously with two different markers. 
Furthermore, those compounds which possess a fluorescent 
colour contrasting strongly with the auto-fluorescence of 
normal tissues such as Lissamine Rhodamine B200 (Imperial 
Chemical Industries) (Chadwick, Mcentegart & Nairn, 1958) 
are of obvious practical value. Non-specific fluorescence of 
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acetone-fixed tissues may be avoided by using unfixed pre- 
parations, as has been demonstrated by O’Hea & Dineen 
(1957) in their studies of herpes simplex virus growing in 
tissue culture. At the moment resolution of the marked 
intracellular components cannot compare with the detailed 
structure revealed by electron microscopy but, granted the 
specificity of the method, it offers more certain identification 
of the entities sought. 


5. Haemadsorption and Immune-Adherence 
a. Haemadsorption 


Owing to the ability of certain viruses to combine specifi- 
cally with the red cells of certain species and to agglutinate 
them, serological techniques peculiar to such a system have 
been developed. The haemagglutination-inhibition test has 
been a standard method for studying the serology of the 
haemagglutinating viruses for over a decade. More recently 
it has been shown that monkey-kidney cells in tissue culture, 
when infected with an influenza virus, will adsorb either 
guinea-pig or fowl erythrocytes in a characteristic pattern of 
aggregates distributed over the surface of a cell monolayer 
(Vogel & Shelokov, 1957). This reaction may be specifically 
inhibited by immune serum, and if applied in this way to a 
primary isolation of influenza virus in tissue culture gives a 
rapid diagnostic and typing technique (Shelokov, Vogel & 
Chi, 1958). The method has been reported to be of great 
value in typing Q-phase influenza-A strains, which are 
insensitive to antibody (Pereira, 1958). 

The serological aspect of the haemadsorption reaction 
seems only incidental to the phenomenon itself, and would 
appear to be merely an alternative version of the standard 
haemagglutination-inhibition test. However, electron-micro- 
scopic examination by ultra-thin section technique of infected 
tissue-culture cells carrying adsorbed guinea-pig erythrocytes 
has revealed certain intriguing aspects of the mechanism 
underlying this reaction (Hotchin, Cohen, Ruska & Ruska, 
1958). Although many erythrocytes are held to the cell sur- 
faces by emergent surface-bound virus, an equally large 
number are attached intimately and directly to the cell without 
intervening virus particles. This type of reaction has been 
termed cyto-haemadsorption (Hotchin et al. 1958) and, as it is 
presumably similarly inhibited by virus-specific antiserum, it 
has been suggested that the surface of the virus-infected cell 
is modified to conform with the surface structure of the newly 
released virus. This phenomenon is open to an immunological 
analysis of fascinating complexity. 


b. Immune-Adherence 


Many micro-organisms such as trypanosomes, trepone- 
mata, bacteria and macromolecular protein or polysaccharide 
antigens, when sensitized with specific antibody and comple- 
ment, will attach themselves to human erythrocytes at 37° C. 
(Nelson, 1953, 1956; Turk, 1958). The attachment can be 
demonstrated either by direct microscopic observation, or by 
other means. The phenomenon has been observed with virus 
antigens; immune adherence of T2 bacteriophage to human 
group O Rh-positive erythrocytes was detected by labelling 
the phage with **S (Taverne, 1957) and it has been indicated 
that direct haemagglutination may be mediated by the 
immune-adherence of poliovirus and other small viruses 
(Nelson, 1956; Nelson & Woodworth, cited by Taverne, 1957). 
The phenomenon is of some fundamental immunological 
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interest, as it has been suggested that the process is a prelimi- 
nary stage to phagocytosis (Nelson, 1953). It would seem also 
that this effect could be applied in the diagnostic serology of 


infections with non-haemagglutinating viruses. Unfortunately 
little has been published up to now with respect to the immune- 
adherence of the viruses. 
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The idea that chickenpox and zoster might be due to the same 
virus dates from the observations in 1892 of von Bokay who 
recorded the occurrence in children of chickenpox contracted 
from cases of herpes zoster (von Bokay, 1909). This observ- 
ation has been repeatedly confirmed and the opinion is now 
widely held that zoster represents a clinical infection with the 
virus of varicella. The more localized nature of zoster, its 
occurrence in an older age-group, and a previous history of 
chickenpox in many cases, suggest that it is the clinical res- 
ponse to second infection with varicella virus in partially 
immune persons. Blank & Rake (1955) indeed suggest that 
the relationship of chickenpox to zoster is analogous in many 
ways to that of primary and recurrent manifestations of 
herpes simplex. In the present paper the evidence concerning 
the relationship between chickenpox and zoster will be briefly 
reviewed and in particular the bearing of recent work on this 
relationship will be discussed. 


1. Clinical Observations 


Chickenpox is a mild but highly contagious disease oc- 
curring commonly in young children. The rash usually appears 
within 24 hours of the onset of fever and malaise and is 
evidence of the generalized nature of the infection. Very 
occasionally there may be grouping of skin vesicles with 
associated severe root pain and paraesthesia after the onset of 
the rash in chickenpox (Stokes, 1959). Mortality is low, 
usually much less than 1%; but, in the rare cases of neonatal 
varicella, contracted from the mother just before or immedi- 
ately after birth, the mortality may be as high as 20% (Ehrlich, 
Turner & Clarke, 1958). Deaths have also been recorded in 
patients contracting varicella while being treated with 
cortisone for some other malady (Haggerty & Eley, 1956). 
Pneumonia may sometimes complicate the illness and is not 
necessarily due to superadded bacterial infection (Knyvett, 
1957). Fatal haemorrhagic leuco-encephalitis with inclusions 
in the central nervous system has occasionally been reported 
(Nicolaides, 1957). Immunity following an attack of chicken- 
pox lasts for years, and second attacks are rare. 

The incubation period of zoster is unknown. Most zoster 
patients have no known contact with chickenpox or zoster. 
In the occasional cases associated with injury or injection, 
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the eruption usually appears within a few days of the trauma. 
Less than 10% of cases occur under the age of 15 years and 
rather more than half over the age of 45 years (Seiler, 1949). 
Zoster is essentially a localized disease. No more than about 
5% of patients suffer from malaise, nausea and fever or other 
constitutional disturbance (Burgoon, Burgoon & Baldridge, 
1957). The eruption usually appears only on one side of the 
body as groups of papules which quickly become vesicles in 
an area of skin innervated by one or more spinal nerves, or on 
skin or mucous membranes innervated by sensory divisions 
of cranial nerves. The eruption usually increases in extent 
over a period of two or three days. The other feature of the 
disease is pain and paraesthesia corresponding in distribution 
to the area of skin eruption, which it frequently precedes by 
several days. In older patients the pain may persist long after 
convalescence. The areas of skin innervated by the thoracic 
ganglia are involved in more than half the cases and the skin 
supplied by the ophthalmic division of the fifth cranial nerve 
is affected in 10-15% of all patients (Kass, Aycock & Finland, 
1952; Seiler, 1949; Burgoon et al. 1957; Barford, 1956). In 
about 2-5% of cases a generalized varicella-like eruption 
may occur elsewhere on the body due, presumably, to dis- 
semination by the blood of virus from the usual sites of 
multiplication in skin or nerve tissue. Paralysis of muscles 
may appear a few days after the eruption; their motor nerves 
may be derived from a different section of the cord or brain- 
stem from that related to the sensory innervation of the 
affected skin; for example, facial paralysis may accompany 
ophthalmic zoster, and paralysis of. leg muscles may be 
associated with thoracic zoster on the same side (Kendall, 
1957). The cerebrospinal fluid sometimes shows increased 
protein and a raised cell count. Among 44 cases examined by 
Carter (1951), abnormal fluids were found in 14 and, of these, 
ten were cases of ophthalmic zoster. The skin eruption heals 
and pain disappears in the majority of cases within a fort- 
night from the onset. The subjective symptoms of zoster are 
sometimes experienced in the absence of a skin eruption, 
suggesting involvement of nerve tissue without spread of virus 
to the skin (Lewis, 1958). Second attacks of zoster are not 
common, although they seem to be more frequent than 
in chickenpox. Seiler (1949) records six such instances in 
his series of 184 patients. 


2. Pathology 


The skin lesions in zoster and chickenpox are identical, 
and they are similar to those seen in herpes simplex. Histolo- 
gically, vesicles usually form in the lower layer of the epidermis 
and are associated with ballooning degeneration of epithelial 
cells, formation of multinucleated giant cells and the occur- 
rence of intranuclear inclusions in the cells in the walls of 
vesicles. In early lesions the inclusion may be basophilic and 
fill most of the nucleus. Older inclusions tend to be acido- 
philic and to be surrounded by an unstained halo. While the 
occurrence of pneumonia in chickenpox may be detected 
during life by clinical and radiological examination (Fitz & 
Meiklejohn, 1956), we are otherwise dependent for our know- 
ledge of the distribution of lesions in the internal organs on 
reports of fatal cases. Focal lesions have been recorded in the 
trachea, lungs, pleura, the myocardium, gastric and intestinal 
mucosa, spleen, kidneys, pancreas, adrenals and ovaries. 
Inclusion bodies have been found in mononuclear cells of 
inflammatory exudates, in cells lining the bronchioles and 
alveoli and in parenchymatous cells of the liver, pancreas and 





adrenals. They have been recorded as prominent in the 
endothelial cells lining small blood vessels or lymph channels 
(Cheatham, Weller, Dolan & Dower, 1956; Ehrlich et al. 
1958). In the case, described by Cheatham et al. (1956), of 
the young boy suffering from recurrent neuroblastoma, who 
died 17 days after the onset of varicella, a zoster-like eruption 
was found post mortem affecting the area of skin supplied by 
T10 on the right side. In addition to the visceral lesions 
typical of fatal chickenpox, lesions with intranuclear inclusions 
were found in the right dorsal root ganglia of T6, T9,T10 
and T11, the only ones examined. Virus was isolated in tissue 
culture from the lungs and blood in this case and in another 
fatal case of chickenpox reported in the same paper. The 
distribution of lesions in the internal organs in fatal cases of 
chickenpox is evidence of generalized virus invasion. The 
first case of Cheatham et al. (1956), in which there were lesions 
in several dorsal root ganglia, is of particular interest in that 
it showed evidence of localization of the virus in nerve tissue 
more wide spread than the distribution of the complicating 
zoster eruption in the skin might have led one to expect. 
Zoster is not of itself a fatal disease. Our knowledge of its 
pathology has been derived from the study of material from 
patients who have died from other causes and have suffered 
from concomitant zoster before death. The largest series of 
such cases is that of Head & Campbell (1900). Their report 
on the pathology of zoster is based on material from 21 cases 
which came to autopsy from 4 to 790 days after the zoster 
eruption. The lesions were confined to the skin and nerve 
tissue. Head and Campbell describe changes in posterior 
root ganglia and note that the acute phase of inflammation 
and necrosis was frequently followed by loss of neurones and 
formation of scar tissue. Degenerative changes could be 
traced peripherally along sensory nerves and centrally along 
the posterior roots into the posterior columns of the cord. 
Head and Campbell regarded the changes as those of an 
acute posterior poliomyelitis. Inflammatory changes may 
involve the anterior horns as well as the posterior horns 
in the cord (Wohlwill, 1924). Denny-Brown, Adams & 
Fitzgerald (1944) considered the changes in their three cases as 
those of segmental poliomyelitis. In addition to necrosis and 
inflammation of dorsal root ganglia, they noted degeneration 
of related motor and sensory roots and a localized lepto- 
meningitis. Such changes serve to explain the motor paralysis 
occasionally observed during life, the finding of pleocytosis 
in the cerebrospinal fluid and the presence of virus therein 
(Evans & Melnick, 1949; Gold & Robbins, 1958). The 
involvement of nervous tissue determined by pathological 
study may sometimes be more wide spread than the dis- 
tribution of skin eruption might lead one to expect. In 
Goodbody’s case of left ophthalmic zoster, with death from 
intercurrent disease 11 days after the onset of the eruption, 
inflammatory changes were present not only in the left 
ophthalmic nerve and Gasserian ganglion but also to a less 
extent in the right Gasserian ganglion. Examination of the 
brain-stem revealed a low-grade leptomeningitis and in- 
flammatory changes in the nuclear complexes of both left and 
right trigeminal and left oculomotor nerves (Goodbody, 1953). 
In the case described by Cheatham (1953) of a woman who 
had received repeated x-ray treatment over a period of three 
years for Hodgkin’s disease, lower thoracic zoster with a 
generalized rash had developed seven days before death. 
Lesions with typical inclusions were found in the oesophageal 
mucosa, the myenteric plexus of the stomach, dorsal root 
ganglia, a sympathetic ganglion at the level of the affected 
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dorsal root and in the adrenal glands, pancreas and ovary, 
These latter lesions were more wide spread than those usually 
observed, and like the generalized eruption may have re. 
flected some dissemination of virus by the blood. 


3. Experimental Infection and Epidemiological Observations 


Neither chickenpox nor zoster can be transmitted to labor- 
atory animals; experimental infections have, however, been 
carried out in children. Kundratitz (1925) inoculated 28 
children with vesicle fluid from six cases of zoster; 17 of those 
children, all under six years of age, developed lesions at the 
site of inoculation after 9-12 days and in two a generalized 
eruption appeared a few days later. One other child had a 
generalized vesicular eruption on the 14th day without local 
vesicle formation. Chickenpox developed among contact 
children after the usual incubation period. Other children who 
had had chickenpox gave negative results on inoculation with 
zoster fluid. Of 18 children under five years of age inoculated 
by Bruusgaard (1932) with zoster fluid from five cases, four 
showed local vesicles and in five others there was a generalized 
eruption. Again several contacts of the inoculated children 
developed varicella. The studies of Simpson (1954) on the 
sparsely populated island of Yell in the Shetlands showed 
conclusively that chickenpox contracted from zoster was 
clinically, epidemiologically and immunologically typical. 

It has already been noted that the age-distribution of 
chickenpox is quite different from that of zoster. Chickenpox 
is an epidemic disease with a definite seasonal incidence, 
whereas zoster occurs sporadically throughout the year, being 
unrelated to outbreaks of chickenpox. As zoster occurs for 
the most part in older people, a history relating to previous 
chickenpox is often unobtainable. In cases of zoster occurring 
in children, for whom information of this kind is more 
reliable, a history of previous chickenpox was obtained in 
over 70% (Medical Research Council, 1938). 

Seiler (1949), in his analysis of 184 zoster cases in Edin- 
burgh, noted that the attack-rate of chickenpox amongst 
susceptible contacts was 15%, a figure considerably less than 
that recorded by Simpson of chickenpox among chickenpox 
contacts (Simpson, 1954). The lower incidence of chicken- 
pox among zoster contacts may be because the saliva and 
upper respiratory secretions are not usually infective in zoster, 
and older patients suffering from zoster have few susceptible 
child contacts (Seiler, 1949). Rake, Blank, Coriell, Nagler 
& Scott (1948) mention an instance where ten of 22 susceptible 
contacts of a case of zoster in a children’s hospital contracted 
chickenpox 15-19 days after the appearance of the eruption 
in the zoster case. The occurrence of zoster, recorded oc- 
casionally among zoster or chickenpox contacts, would seem 
to be no more frequent than could be accounted for by 
coincidence. 


4. The Virus 

a. Morphology 
The virus was demonstrated by Paschen (1919), by the 
examination of stained smears with the optical microscope. 
The virus from vesicle fluid from zoster or chickenpox patients, 
examined with the electron microscope in shadowed pre- 
parations, was reported by Rake et al. (1948) to be quadran- 
gular in outline with dimensions of approximately 210 x 240 
mu. Virus was readily found only in preparations from very 
early vesicles. Evans & Melnick (1949) also showed that the 
virus from zoster lesions was similar in size to that found in 
chickenpox, although in their picture the virus appears 
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rounded or oval in shape. They also found virus in pre- 
parations from the cerebrospinal fluid of a patient with zoster. 
Quite recently Tournier, Cathala & Bernhard (1957) have 
demonstrated the virus of chickenpox by electron micro- 
scopy of thin sections both from the early skin lesions of 
chickenpox and from third-passage tissue cultures. They des- 
cribed the development of the virus in the nucleus, and in their 
preparations extracellular virus was round in shape and 
measured 150-200 mu. 


b. Propagation 

In 1926 Rivers produced local lesions, showing cells with 
intranuclear inclusions, by intratesticular inoculations of 
chickenpox vesicle fluid into vervet monkeys. Apart from 
this, the virus has not been propagated in laboratory animals. 
Multiplication of zoster virus in human skin grafted on the 
chorio-allantois was achieved by Goodpasture & Anderson 
(1944) and Blank, Coriell & Scott (1948). The production 
of typical intranuclear inclusiors also occurs in various human 
embryo tissues infected by varicella vesicle fluid and transplan- 
ted to the chorio-allantois (Caunt, personal communication, 
1958). 

The cultivation of zoster—varicella virus in cultures of 
human tissue was first reported by Weller & Stoddard (1952). 
The cytopathic changes were identical in cultures inoculated 
with vesicle fluid from zoster and chickenpox cases. The 
lesions were focal in character and spread slowly by progressive 
involvement of contiguous cells (see Plate IV, A). Typical 
intranuclear inclusions were present in the degenerated cells 
in the centre of the focal lesions and also in the more healthy- 
looking cells around the periphery (see Plate IV, B). Passage 
of virus in successive cultures could be effected regularly only 
by transfer of cells. The supernatant fluid failed to infect 
fresh cultures (Weller, 1953; Weller, Witton & Bell, 1958). 
These results have been confirmed by Tournier et al. (1957), 
Ehrlich et al. (1958), Gold & Robbins (1958) and Taylor- 
Robinson (1959). Gold and Robbins, in some experiments, 
were able to transmit infection with culture supernatant ; and 
infective virus could be liberated from infected tissue-culture 
cells by sonic disintegration (Taylor-Robinson, 1959). On 
the other hand, in vesicle fluid much of the infective virus 
is extracellular (Taylor-Robinson, 1959), and this probably 
accounts for the observation that vesicle fluids kept in the 
dry-ice cabinet retain infectivity for much longer periods than 
tissue-culture material (Weller et al. 1958). 


c. Serology 

In early studies with complement-fixation technique, vesicle 
fluid or crust extract from zoster and chickenpox cases was 
used to test for antibody in sera from convalescents (Netter & 
Urbain, 1926; Brain, 1933). These tests showed similarity of 
antigens in the vesicle fluids from zoster and chickenpox cases, 
in that both reacted with convalescent sera from either 
disease. Paschen (1933) and Amies (1933, 1934) confirmed 
the similarity of virus antigens by agglutination of elementary 
bodies from vesicle fluid by convalescent sera. The cultiva- 
tion of the virus by Weller and his colleagues not only made 
Possible the study of the zoster-chickenpox relationship by 
neutralization tests, but also offered means of preparing an 
alternative complement-fixing antigen to vesicle fluid. Using 
as antigens concentrated tissue-culture fluids, Weller & 
Witton (1958) studied sera from a series of zoster and chicken- 
Pox cases. By testing sera in dilutions, the titres obtained with 
all sera were essentially comparable with zoster and chicken- 
Pox antigens. Zoster sera taken in the first week after the 
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eruption tended to show higher titres than did comparable 
varicella sera. No difference was noted in the antibody titres 
obtained with convalescent sera. Taylor-Robinson & Downie 
(1959), on the other hand, also examined a number of sera 
from both clinical conditions, using dilute vesicle fluid or 
unconcentrated tissue-culture fluids as antigen. In general, 
the results of Weller and Witton were confirmed, in that sera 
gave similar titres with zoster and chickenpox antigens; 
zoster sera taken early in the disease were more frequently 
positive than corresponding varicella sera. The tube technique 
used by Taylor-Robinson and Downie was apparently less 
sensitive than the plate technique used by Weller and Witton, 
for serum titres obtained were rather lower, and some con- 
valescent varicella sera, taken between 10 and 30 days after 
the eruption, gave negative results. All zoster sera taken 
between 10 and 30 days after the eruption were positive, while 
almost half the varicella sera were negative at this period and 
those that were positive had relatively low titres. 

Similar quantitative differences in antibody response were 
noted in precipitation tests using the Ouchterlony technique 
(Taylor-Robinson & Rondle, 1959) (see Plate III, B). No 
qualitative difference could be detected between the antigens 
in zoster and chickenpox vesicle fluids or between the anti- 
bodies in the sera. However, all convalescent zoster sera 
showed precipitation lines with zoster and chickenpox vesicle 
fluids; 11 of 22 of those collected in the first week after the 
eruption were also positive. On the other hand, sera from 
varicella patients failed to show precipitation with vesicle 
fluid and only when the sera were concentrated fivefold were 
positive reactions obtained. Comparison of the results of 
complement-fixation tests and precipitation tests on the same 
sera suggested that the same antigen-antibody systems were 
not necessarily concerned in these reactions. Nonetheless, the 
results by both techniques indicated an earlier and greater 
antibody response in patients with zoster than in those with 
chickenpox. 

Weller & Coons (1954) used the fluorescent antibody 
technique to study the combination of antibody with virus 
antigen. They demonstrated that antibody, whether from 
zoster or from chickenpox patients, combined with virus or 
virus antigen in the cells infected with virus from either disease. 
By incorporating human sera in their tissue-culture medium, 
Weller & Witton (1958) showed that sera from either zoster 
or chickenpox convalescents reduced the number and size of 
focal lesions produced by the virus. Sera from early cases of 
zoster more frequently showed neutralizing activity than did 
sera from early cases of chickenpox. In titrations of only two 
convalescent sera, Weller and Witton obtained comparable 
titres against tissue-culture virus derived from either zoster 
or varicella cases. Of these two sera, the zoster serum had 
a higher titre than the varicella serum. 

Taylor-Robinson (1959), using vesicle fluid as a source of 
virus, obtained greater neutralization of virus—presumably 
because of the extracellular virus in such fluids. He also 
noted that zoster sera taken during the first four days after 
the eruption often inhibited virus activity. Titrations of 
neutralizing antibody were not carried out by Taylor-Robin- 
son owing to lack of suitable vesicle fluids. 

A careful comparative study of neutralizing antibody titres 
in zoster and varicella sera is highly desirable to determine 
whether zoster cases have, on the average, higher titres than 
varicella sera, as has been found with the complement- 
fixation and precipitation techniques by Taylor-Robinson and 
his colleagues. Such a study will be facilitated when a suitable 































































supply of extracellular virus can be obtained, possibly by 
improved tissue-culture techniques. 


5. Summary and Conclusions 

Many of the clinical and epidemiological observations 
indicate that zoster is evidence of infection with varicella 
virus. It has been shown that the chickenpox acquired from 
contact with zoster differs in no way from chickenpox acquired 
from chickenpox; and zoster vesicle fluid can produce typical 
chickenpox on inoculation into susceptible children. The 
localized nature of zoster infection, the age-group distribution 
and the past history of chickenpox infection in many cases of 
zoster, indicate that zoster is an infection with varicella virus 
in partially immune individuals. 

Pathological studies indicate the localized nature of zoster 
infection, the lesions being confined for the most part to 
sensory nerve ganglia and nervous connexions to skin and 
central nervous system and to the skin area corresponding to 
the distribution of the sensory nerves involved. The occurrence 
of more wide-spread lesions in the skin in a proportion of 
zoster cases suggests dissemination of virus by the blood 
stream from the primary sites of multiplication in individuals 
with less residual immunity than most persons possess. 
Laboratory studies have gone far to confirm the identity of 
the viruses concerned in chickenpox and zoster cases. The 
antibody formed in response to either clinical infection reacts 
by various laboratory tests equally with virus or virus antigen 
from the two diseases. The recent work by Weller and his 
colleagues on virus isolated in tissue culture shows that all 
strains of virus examined are apparently identical. Recent 
quantitative antibody studies have shown an earlier and 
greater titre in zoster cases. These findings, if confirmed, 
strongly suggest that in zoster the antibody response is of 
secondary type, and they are compatible with the view that 
zoster is clinical evidence of a second and more localized 
tissue invasion with varicella virus. 


REFERENCES 
Amies, C. R. (1933) Lancet, 1, 1015 
Amies, C. R. (1934) Brit. J. exp. Path. 15, 314 
Barford, L. J. (1956) Brit. med. J. 2, 864 
Blank, H., Coriell, L. L. & Scott, T. F. M. (1948) Proc. Soc. 
exp. Biol., N.Y. 69, 341 
Blank, H. & Rake, G. (1955) Viral and rickettsial diseases of the 
skin, eye and mucous membranes of man, p. 71. Little, 
Brown & Co., Boston, Mass. 
Bokay, J. von (1909) Wien. klin. Wschr. 22, 1323 
Brain, R. T. (1933) Brit. J. exp. Path. 14, 67 
Bruusgaard, E. (1932) Brit. J. Derm. 44, 1 
Burgoon, C. F., jr, Burgoon, J. S. & Baldridge, G. D. (1957) 
J. Amer. med. Ass. 164, 265 
Carter, A. B. (1951) Brit. med. J. 1, 987 
Cheatham, W. J. (1953) Amer. J. Path. 29, 401 
Cheatham, W. J., Weller, T. H., Dolan, T. F., jr & Dower, J. C. 
(1956) Amer. J. Path. 32, 1015 
Denny-Brown, D., Adams, R. D. & Fitzgerald, P. J. (1944) Arch. 
Neurol. Psychiat., Chicago, 51, 216 
Ehrlich, R. M., Turner, J. A. P. & Clarke, M. (1958) J. Pediat. 
53, 139 
— A. S. & Melnick, J. L. (1949) Proc. Soc. exp. Biol., N.Y. 
1, 283 
Fitz, R. H. & Meiklejohn, G. (1956) Amer. J. med. Sci. 232, 489 
Gold, E. & Robbins, F. C. (1958) Virology, 6, 293 
Goodbody, R. A. (1953) J. Path. Bact. 65, 221 
Goodpasture, E. W. & Anderson, K. (1944) Amer. J. Path. 20, 447 
Haggerty, R. J. & Eley, R. C. oh gn tay seer Springfield, 18, 160 
Head, H. & ym ogg A. W. (1900) Brain, 23, 353 
Kass, E. H., Aycock, R. R. & Finland, M. (1952) New Engl. J. 
Med. 246, 167 
Kendall, D. (1957) Brit. med. J. 2, 616 


CHICKENPOX AND ZOSTER A. W. Downie 


Much concerning the pathogenesis of zoster, however, 
remains unknown. The absence of a history of contact with 
other zoster cases or with chickenpox, and the absence of 
undue prevalence of zoster cases during chickenpox outbreaks, 
suggest either (i) that zoster is a localized infection in a parti- 
ally immune individual, acquired from healthy contacts among 
whom varicella virus is widely disseminated, or (ii) that zoster 
is due to reactivation of a latent virus harboured by the patient 
for many years. This second alternative seems more likely but, 
if it be accepted, there is little evidence to indicate the tissue 
in which the virus lies latent. The skin or mucous membranes 
have been suggested. The distribution of histological lesions 
observed in their cases by Cheatham (1953) and Goodbody 
(1953) suggested to them that virus had gained entry to the 
nerve tissue involved through peripheral nerve-endings; but 
it would seem difficult to exclude the possibility of spread 
from the affected sensory nerve ganglia by neural paths to the 
tissues in which lesions were found post mortem. The ap- 
pearance, in many cases of zoster, of nerve pain several days 
before the eruption, and the occurrence of zoster sine herpete, 
would seem to make spread of virus from skin or mucous 
membranes unlikely. While the virus may remain latent in 
sensory ganglia between the original chickenpox infection, 
latent or overt, and subsequent zoster, there is little positive 
evidence to support this hypothesis. The occasional occur- 
rence of zoster-like eruptions complicating chickenpox 
indicates that varicella virus may sometimes become localized 
in sensory nerve ganglia during the primary infection. With 
the information at present available, one must conclude that 
the source of the virus which is localized in nerve tissue in 
zoster is still unknown. The demonstration by Weller and his 
colleagues that the varicella-zoster virus can be readily 
cultivated in vitro may provide valuable techniques for the 
investigation of these unsolved problems relating to the 
pathogenesis of zoster. 
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GEL-DIFFUSION PRECIPITATION TESTS 


(FIG. A) 
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Poliomyelitis 
A. Serological differentiation of heated and unheated Type 3 
poliomyelitis virus by gel-diffusion precipitation 


(Prepared by Dr G. L. Le Bouvier, University College 
Hospital Medical School) 


(FIG. 





Explanatory key: 


Antigens: a: Type 3 poliomyelitis virus, unheated 


b: Type 3 poliomyelitis virus, heated at 60° C. for 
20 min. 


c: Type 3 poliomyelitis virus, frozen and thawed 
once 


Antisera: monkey sera 
i: Type 1 monkey serum 
ii: Type 2 monkey serum 


iii: Type 3 monkey serum 


B) 
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Varicella and Zoster 
B. Ouchterlony plate. The continuity of the lines of precipi- 
tation between zoster convalescent sera (S) and varicella (V) 
and zoster fluids (Z) suggests that the precipitating zoster and 
varicella antigens are identical. 


PLATE Ill 


PLATE IV 


CHANGES PRODUCED BY VIRUSES IN TISSUE CULTURES 
(FIGS. A, B) 


A. W. Downie 


(page 199) 


Chickenpox and Zoster 


A. Lesion produced by varicella virus in culture of human B. Edge of lesion produced by varicella virus in culture 
fibroblasts of human amnion cells, showing intranuclear inclusions 


(Unstained; magnification 90) (Stain: Haemalum and eosin; magnification 360) 


(FIGS. C, D) 
K. McCarthy 


(page 203) 


Measles 
C. Measles-infected human amnion culture showing part D. Measles-infected human amnion culture showing :atly 
of a multinucleate giant cell with nuclear inclusions stage of giant cell formation. The arrow indicates the pi. ce of 
(Stain: Haemalum and eosin; magnification » 1,200) fusion of two adjacent cells 
(Phase contrast; magnification 540 
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Measles is a clearly defined clinical entity that was recognized 
and described centuries ago. Its symptomatology is constant, 
apart from variation in severity; and it is generally believed 
that these variations reflect differences in the host, his en- 
vironment or medical care rather than in the strain of virus 
responsible. The immunity which follows an attack of measles 
seems to be lifelong, and well-substantiated accounts of 
second attacks are very uncommon. The foregoing facts 
indicate that a single stable strain of virus has long been 
present throughout the world. 

After six months of life, passive, maternally acquired im- 
munity has waned and susceptibility is then universal. In- 
fectivity is very high so that most of us suffer the infection in 
our early years. The social structure of the community seems 
to determine the age of maximum incidence. In urbanized 
communities the first five or six years of life bear the brunt 
of the attack, the age-incidence curve classically showing 
two peaks, one for the new entrants to school about the age 
of five, and the other lesser peak, their younger sibling con- 
tacts (Aycock & Eaton, 1925). 

The sweeping epidemic which follows the introduction of 
measles into an almost virgin soil is well illustrated by the 
Greenland outbreak of 1951 (Christensen, Schmidt, Bang, 
Anderson, Jordal & Jensen, 1953), but few communities are 
so well isolated as Greenland, and waves of measles run 
through most populations every few years. These waves come 
full cycle in industrial urbanized communities every one or 
two years, and give us our so-called “‘ measles years’’, although 
Pickles (1939) has found cycles as long as nine years in country 
areas. With measles there are no pandemics. Sporadic cases 
are always to be found even during the off season; present in 
all communities they are ready, like a glowing fuse, to ignite a 
community outbreak just as soon as the metastable conditions 
reach the critical level. The observations of Nicol (1956) lend 
factual support to common experience and it seems that about 
40% of susceptibles in the child population constitutes a 
critical level for epidemic spread, which is then likely to 
continue till about half of the susceptibles have been infected. 

Although not generally a killing disease, measles is poorly 


tolerated by the very young and by the elderly. In general 
terms it kills about as many people in England as does 
whooping cough or poliomyelitis and, like them, it may leave 
behind it a more or less well-defined trail of chronic disability. 

The foregoing brief summary of the epidemiology of measles 
has covered known facts very briefly and incompletely. Much 
speculation and investigation have been directed to these 
problems in the past, but the recent isolation of the virus by 
consistent reproducible techniques (Enders & Peebles, 1954), 
and the development of associated immunological methods, 
should before long enable the position to be still further 
clarified. An excellent and well-documented review of work 
up to 1953 is given by Babbott & Gordon (1954). 


1. Aetiology 
a. Early Experiments with Measles 


Considerable difficulties have stood in the way of those who 
wished to study this disease experimentally, not the least of 
which was the choice of an experimental animal. Claims 
averring the successful use of this or that animal have many 
times been made and denied. Some have been so uncritical 
that they can be readily dismissed. Some others, notably 
those in which monkeys have been used, have been more 
successful. The pioneer work of Anderson & Goldberger 
(1911) and the detailed, critical work of Blake & Trask (1921) 
call for special mention. However, either on account of tech- 
nical difficulties or because the experiments were erroneously 
regarded as successful, many of the experiments reported in 
the past have been at variance and have added little to our 
knowledge of measles from the experimental point of view. 

A review of laboratory studies on measles covering the 
period up to 1939 has been given by Enders (1940). At that 
time his hopes for further advances centred on monkey 
experiments despite their difficulties and disadvantages. The 
most serious of these was the fact that a variable proportion 
of monkeys proved refractory to measles infection and these 
monkeys could not be identified before use. Fifteen years 
were to elapse before Enders solved this problem. 

Before turning to more recent studies with measles, con- 
sideration has to be given to the series of experiments made 
by the late G. W. Rake and his colleagues in Philadelphia. 
Rake & Shaffer (1939) seem to have had some success in 
adapting measles virus to the chick chorio-allantois. Repeated 
passage so changed their infective agent that the disease which 
followed its introduction into 255 susceptible children was 
extremely mild (Stokes, O’Neil, Shaffer, Rake & Maris, 
1943). And although initial experience (Maris, Rake, Stokes, 
Shaffer & O’Neil, 1943) encouraged the hope that immunity 
had been induced in about half of those subsequently exposed 
or inoculated with blood from subjects of measles, the final 
follow-up study was most disappointing, since 69% of 479 
vaccinated children contracted measles on subsequent 
exposure (Maris, Gellis, Shaffer, Dunham, Stokes & Rake, 
1949). In the light of recent work it probably cannot be said 
with certainty that these workers had successfully adapted 
measles virus to the chick-embryo. No visible changes oc- 
curred in the eggs or tissue cultures, nor could complement- 
fixing (CF) antigen be detected. Monkey inoculation had to 
be relied on for the demonstration of virus, a method which 
it is now known may be most erratic and unreliable, for 
monkeys can at times give false positive results due to spon- 
taneous infection, coincidental with the inoculation of non- 
infective material; yet other monkeys may fail to give visible 
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evidence of measles even when inoculated with active virus, 
either because they are already actively immune or because, 
though susceptible, they suffer only a modified or attenuated 
illness without any rash (Peebles, McCarthy, Enders & 
Holloway, 1957). 


b. Isolation of the Virus 


In 1954 Enders & Peebles reported that they had eight 
times isolated in human kidney tissue cultures a filtrable 
agent from the blood and throat washings of five early cases 
of measles. This filtrable virus could be repeatedly passed in 
cultures of human or monkey kidney and in them produced 
multinucleate giant-cell formation very reminiscent of the 
so-called ‘‘ Warthin-Finkeldey cells’’ seen in measles in man. 
These cytopathic changes could be neutralized specifically by 
serum from convalescent cases of measles, and the tissue- 
culture fluids contained CF antigen. One of these 1954 virus 
strains, and another isolated in 1955, were subsequently used 
to inoculate antibody-free monkeys, with the production of 
typical measles in some of them and the appearance of CF 
and virus-neutralizing antibody in all. Virus was recovered 
from the blood of some of these monkeys, first appearing two 
or three days before the rash (Peebles et al. 1957). 

Successful isolation of measles virus from human cases, 
using similar techniques, has now been confirmed by Cohen, 
Gordon, Rapp, Macaulay & Buckley (1955), Ruckle & Rogers 
(1957) and Frankel & West (1958) in the USA; by Wright 
(1957b) in England; by Bech & von Magnus (1958) in Den- 
mark; and by Tang, Wu, Huang & Wen (1958) in China. 


2. Properties of the Virus 
a. Size 


Long known to be filtrable, the size of measles virus 
propagated by tissue culture has recently been estimated by 
Benyesh, Pollard, Opton, Black, Bellamy & Melnick (1958). 
Filtration through gradocol membranes indicated a particle 
size of 140 my, although irradiation either with electrons or 
with « particles and deuterons showed that the radiation- 
sensitive part of the virus had less than half this diameter and 
was probably spherical in shape. 


b. Resistance to Physical and Chemical Agents 


The virus of measles seems to be fairly resistant. Not 
completely inactivated in 30 minutes at 56° C. (Girardi, 
Warren, Goldman & Jeffries, 1958), it survived several days 
at 36.5° C. and over two weeks at 22° C. (Ruckle & Rogers, 
1957). It will survive for weeks at +4° C. and at least for 
many months in the frozen state at a range of temperatures 
between — 15° C. and —79° C. 

Lyophilization causes some loss of titre but otherwise 
appears to preserve the virus satisfactorily (Benyesh et al. 
1958; Girardi et al. 1958). 

Girardi and his co-workers found the virus fairly sensitive 
to sonic oscillation and ultra-violet light. Formalin 1:4,000 
brought about complete loss of infectivity in four days at 
37° C. although the CF activity was unaltered. The virus is 
not known to be sensitive to any antibiotic. 


c. Cultivation 


Following the successful isolation of measles virus in 
human and monkey-kidney cultures by Enders & Peebles in 
1954, a number of other tissues have been used for virus 
isolation from clinical materials. Primary cultures of both 
human amnion and human chorion cells (Wright, 1957a), 
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primary human amnion (Ruckle, 1957a) and a stable human 
amnion line (Frankel & West, 1958) have all given satisfactory 
results. Monkey kidney, although otherwise suitable, often 
carries “foamy” viruses (Enders & Peebles, 1954), which 
makes recognition of measles lesions difficult. In addition to 
foamy agents, measles virus or an agent indistinguishable from 
it may appear spontaneously in uninoculated monkey-kidney 
cultures if the monkey happens to be slaughtered during or 
shortly after an inapparent naturally acquired measles 
infection (Ruckle, 1958a, 1958b). For these reasons monkey 
kidney is best avoided. 

Apart from primary isolation from clinical materials, the 
virus has been reported to grow in a wide variety of primate 
tissue cultures when established tissue-culture virus is used as 
inoculum. Human kidney obtained at operation or post 
mortem, and also human embryonic lung and kidney as well 
as kidney from monkeys and baboons, have all proved 
satisfactory (Ruckle, 1957a; Bech, 1958a; Bech & von 
Magnus, 1958; Hsiung, Mannini & Melnick, 1958; Tang 
et al. 1958). The virus grows in a number of continuous cell 
lines, viz. human heart, kidney, amnion, bone-marrow and 
nasal mucosal cells (Girardi et al. 1958; Wright, 1957b; 
Frankel & West, 1958; Enders, Peebles, McCarthy, Milo- 
vanovic, Mitus & Holloway, 1957; Jordan, 1956). Several 
strains of human carcinoma cells have also been used: 
HeLa; Hep-2; and KB (Adams & Imagawa, 1957; Black, 
Reissig & Melnick, 1956; Dekking & McCarthy, 1956). In 
addition, Wright (1957b) has reported growth in kidney cells 
from hamsters, mice and guinea-pigs, and Frankel, Burnstein 
& West (1958) have used cultures of dog kidney both for 
isolation and passage. 

Recently Milovanovic, Enders & Mitus (1957) have 
succeeded in adapting the virus to chick-embryos and, fol- 
lowing on this, Katz, Milovanovic & Enders (1958) have 
successfully established the virus in chick tissue cultures. This 
achievement will be referred to later. It may be mentioned in 
passing that tissue-culture virus has been adapted by Imagawa 
& Adams (1958) to suckling mice, and Burnstein, Frankel & 
Jensen (1958) have adapted it to grow in suckling hamsters. 

At this point it should be mentioned that the best tissue 
for isolating the virus is not necessarily the one which also 
gives the highest yields of virus in passage experiments. 
Titres in human kidney, for instance, rarely exceed 10* 
TCD,;,/ml. In the various papers cited above, dog kidney has 
given titres of 105-5, stable human amnion line 10* and Hep-2 
line up to 10’, and Girardi heart cells up to 107-8. 

In general, the virus passes easily when supernatant fluids 
are used. Free virus may appear in 30 hours or may be 
released 12 hours earlier by freezing and thawing (Black et al. 
1956). But the mouse-adapted virus of Imagawa & Adams 
(1958), when returned to HeLa cultures, no longer appeared 
as free virus in the supernatant fluid. This phenomenon 
calls to mind the work of Weller, Macauley, Craig & Wirth 
(1957) on the virus of cytomegalic inclusion disease, where 
infectivity could only be passed initially with tissue sus- 
pensions, a finding which has also occupied workers with 
varicella and zoster.! The possibility of incomplete measles 
virus being responsible may give a lead to the mechanism by 
which these other viruses multiply. 

Cellular Changes. The growth of measles virus in tissue 
cultures induces in them characteristic changes. Described 
first by Enders & Peebles (1954), these have been confirmed 

2 See Downie, p. 197 of this number of the Balletin.—Ep. 
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and elaborated by the other workers cited above. The 
essential features are the formation of multinucleated syn- 
cytia and the appearance in thesyncytial cytoplasm of multiple 
lace-like vacuoles. As the degeneration progresses, intra- 
nuclear and probably also cytoplasmic inclusions are seen. 
These features do not appear to the same extent in different 
tissue-culture systems; some may not appear at all. The 
passage history of the virus, the nature of the tissue, the 
composition of the culture medium and the duration of the 
infection, have marked modifying effects on the cytopathic 
appearances produced. The most constant feature is the 
production of intranuclear inclusions in older cultures of all 
tissues used (Plate IV, C). With reference to the variation in 
cytopathogenic effect, Milovanovic et al. (1957) noted a 
change after many subcultures to a spindle-cell type of de- 
generation in human amnion cultures—a change incidentally 
which presaged successful cultivation in the amniotic mem- 
brane of chick-embryos. Frankel & West (1958) noticed 
principally necrosis when a stable human amnion line of cells 
was used, while with the very rapidly growing KB cells, 
Dekking & McCarthy (1956) saw only giant-cell formation. 
The influence of the composition of the medium was clearly 
demonstrated by Reissig, Black & Melnick (1956) who 
showed that, with the use of Hep-2 cells in a glutamine- 
deficient medium, typical giant cells formed and _ finally 
involved the whole culture. When glutamine was added to 
the medium, multinucleate cells were found infrequently 
and were very small. Degeneration proceeded more slowly 
and the final yield of virus was higher. The effect of glu- 
tamine was confirmed by Frankel & West (1958). 

The mechanism of formation of multinucleate giant cells 
has been debated. Do they form by nuclear division or by 
fusion of pre-existing cells? Observations by ordinary micros- 
copy led Bech & von Magnus (1958) to state that the syn- 
cytium appears to form by the “melting together of cells 
whose boundaries gradually obliterate’. Observations of 
living cultures with stopped-down condensers are never 
satisfying, and Plate IV, D may illustrate this mechanism 
more clearly. It shows, by phase contrast, an early stage in 
the fusion of two adjacent cells which eventually formed part 
of a giant cell. The culture is human amnion infected with 
the Edmonston strain of measles. A description of a simple 
technique for examining ordinary test-tube cultures by phase 
contrast is given by McCarthy (in preparation). 

Fluorescence microscopy of infected tissue cultures, using 
fluorescein-coupled sera (Enders, 1956; Cohen et al. 1955), has, 
by demonstrating the appearance of measles antigen, con- 
firmed the specificity of these cellular changes.? Reissig (1958) 
notes in the course of a study of measles-infected cells that 
the eosinophilic inclusions, which are Feulgen-negative, do not 
appear in the electron microscope to be aggregates of virus- 
like particles. 


d. Complement-Fixing (CF) Antigen 

This appears in the supernatant fluid of infected cultures and 
reacts specifically with convalescent measles sera or sera of 
immunized animals. Such fluids cannot generally be used for 
this purpose when diluted more than twofold (Bech, 1958b), 
and attempts at concentration by Girardi et al. (1958), using 
centrifugation at 78,000 g for 30 minutes, effected a fourfold 
concentration. However, in view of the estimate of Benyesh 
et al. (1958), based on radiation studies, that the antigen 


* See also Belyavin, p. 193 of this number of the Bulletin.—Ep. 
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responsible is only 11 my in diameter, it is surprising that they 
achieved even this degree of concentration. It must be 
presumed either that the CF antigen was adsorbed on to 
larger particles, or that the virus, which must have been con- 
centrated by their processes, can itself contribute to the 
fixation of complement. Black et al. (1956) found no pro- 
portionately higher CF antigen titre associated with the higher 
virus titres they obtained with Hep-2 cells. 


e. Antigenic Uniformity 

No studies directly bearing on this point have been made, 
but positive neutralization and complement-fixation tests, 
using a single strain of virus and antibodies acquired in various 
widely separated countries, would seem to be consistent with 
the occurrence of a single antigenic type present throughout 
the world. It is appropriate to mention here that neutralizing 
antibody in serum can be measured with great sensitivity, 
using the plaque assay method in Erythrocebus patas monkey- 
kidney monolayers (Hsiung et al. 1958). 


f. Relationship to other Viruses 

Two diseases merit consideration here—the very rare con- 
dition seen in children at autopsy known as giant-cell pneu- 
monia, and the very common canine distemper. The former 
has long been suspected as being related to, if not caused by, 
measles virus; the alternative explanation being that the 
causal agent may be related in some way to distemper virus 
(Pinkerton, Smiley & Anderson, 1945; Adams, Imagawa, 
Yoshimori & Huntington, 1956). The latter disease, dis- 
temper, has certain resemblances to measles which have been 
noted by many workers interested in these two conditions. 
Recent work in Los Angeles by Adams, Imagawa, Chadwick, 
Gates & Yoshimori (1957) and by Adams & Imagawa (1957), 
and also by the Enders group in Boston (McCarthy, Mitus, 
Cheatham & Peebles, 1958), has confirmed certain of these 
suspicions. 

Adams and his co-workers have demonstrated partial 
protection of measles-immunized ferrets when challenged 
with distemper virus, while measles virus was neutralized 
specifically in tissue culture by ferret distemper antiserum and 
not by normal ferret serum. The recent success of Rockborn 
(1958) in demonstrating cytopathic changes in dog-kidney 
cultures inoculated with distemper virus should now allow 
a direct comparison of these two agents in the same tissue- 
culture system. 

In a preliminary note on three cases of giant-cell pneu- 
monia, McCarthy et al. (1958) reported that they had at 
autopsy isolated viruses indistinguishable from measles from 
all three cases. Rather surprisingly the virus was not neu- 
tralized by convalescent dog distemper serum. 

No other relationships between measles and other viruses 
are known, for it seems that the MINIA agent isolated from 
apparently healthy monkey kidneys is, in fact, measles virus 
(Ruckle, 1958a, 1958b). 

One interesting observation by Reissig & Melnick (1957) is 
the double infection of cells with poliomyelitis and measles 
viruses so that they showed the type A intranuclear inclusion 
of measles and also the smaller darker intranuclear inclusions 
of poliomyelitis. Clearly there is no interference between 
these two viruses in tissue culture. 


3. Pathogenesis 


The recent advances in the laboratory study of the virus 
encourage speculation about the mechanism of pathogenesis. 





Multinucleate giant cells have long been known to occur in 
tissues of persons dying towards the end of the incubation 
period of measles. They may also be found in tissues such 
as the appendix removed at operation. The time relation- 
ship to the onset of the rash has recently been discussed by 
Roberts & Bain (1958) who conclude that giant cells appear 
in the tissues about seven days before the rash. The recent 
isolation by Ruckle (1957b) of measles virus from tissue 
cultures of lung, kidney, spleen and cervical lymph node 
removed post mortem from a child who died during the 
prodromal period leaves little doubt that the giant cells which 
are known to occur in these tissues are the result of wide- 
spread virus infection. It seems probable that the so-called 
illness of infection which it has been reported occurs in some 
cases of measles, and was first described by Goodall in 1925, 
is the manifestation of a primary transient viraemia which is 
rapidly cleared by the reticulo-endothelial system. The virus 
presumably grows silently in lymphoid tissues for some days 
and, when the infected cells can no longer contain their 
virus, it floods out into the circulation to cause the prodromal 
illness, and after localization of the virus in the skin, the rash 
develops. It is known that this viraemia is terminated by the 
appearance of neutralizing antibody in the blood and it 
seems reasonable to presume that this antibody has derived 
from lymphoid tissues infected during the primary 
viraemia. 
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4. Passive Protection 


Adult serum—or y-globulin prepared from it—is known to 
give good passive protection to contacts, provided that the 
antibody is administered early enough in the incubation 
period. Thus complete protection can be expected to result if 
the y-globulin is given within about five days of exposure, but 
if the same dose is given later a modified attack is more 
likely. This variation of protection with time of administra- 
tion of antibody seems to be consistent with the mechanism 
of pathogenesis outlined above. 

y-Globulin for protective purposes is made from a pool of 
unselected adult sera. Present techniques for antibody 
measurement now make it possible to assay each batch before 
issue and, although estimation of virus-neutralizing anti- 
body would be the method of choice, it seems that after 
measles CF antibodies may be as long lasting as are neutraliz- 
ing antibodies (Ruckle & Rogers, 1957), so that the simpler 
test could well be used. 


5. Active Immunization 


At the time of writing, no account has appeared of attempts 
to vaccinate children with proved attenuated tissue-culture 
virus, although Katz, Medearis & Enders (1958) have used the 
egg-adapted Edmonston strain successfully to vaccinate 
monkeys. It will be very surprising if a live attenuated measles 
vaccine or a formalin-inactivated one is not very soon available. 
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1. Inactive Poliovirus Vaccines 


In April 1955, following the successful report of the USA field 
trial of formolized poliomyelitis vaccine (Poliomyelitis 
Vaccine Evaluation Center, 1955), the Medical Research 
Council announced that a limited amount of British-made 
vaccine was available for serological studies in small groups 
of children. This vaccine was similar to that used in the USA 
and had been made with the virulent Mahoney (Type 1), 
MEF, (Type 2) and Saukett (Type 3) strains of virus. Shortly 
after this, it was reported from the USA that poliomyelitis 
had followed the injection of certain batches of vaccine. 
Most of these cases were caused by the virulent Type 1 
Mahoney strain used in the USA vaccine, and in July the 
Medical Research Council advised that the less virulent 
Brunenders Type 1 strain should be used in all British vaccine. 


a. Manufacture of Vaccines in Great Britain 


One of the main problems in the manufacture of polio- 
myelitis vaccines has been the absolute need to remove 
aggregates within which some virus may be protected from 
the inactivating effect of formalin. This difficulty has been 
overcome by suitably spaced filtration, and it has been found 
that Seitz filtration of the virus preparations during inactiva- 
tion was much superior to fritted glass in yielding a satisfactory 
antigen (Bodian, 1958). It also appears that the advantages 
of preparing virus from monkey-kidney monolayers are out- 
weighed by the greater ease with which fluids from minced 
pony cultures can be filtered through Seitz pads (Bodian, 

958). 

In the Glaxo Laboratories at Sefton Park, Bucks. (Dudgeon, 
personal communication) each virus type is grown in chopped 
monkey kidney tissue cultures, the Maitland technique being 
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used. The fluids of each virus type are harvested to form bulk 
single-strain pools. These pools are filtered and formalin is 
added slightly in excess of 1: 4,000. During the inactivation 
process, repeated samples are tested in tissue culture in order 
to plot the inactivation curve. After a period of inactivation 
for 12-13 days and further filtration, the excess formalin is 
neutralized with sodium metabisulphite and the inactivated 
single-strain pools are then blended in approximately equal 
proportions to form the trivalent vaccine to which preserva- 
tives and stabilizers are added. 


b. Safety Tests 


Extensive tests are done at every stage of the manufacturing 
process in order to ensure the bacterial sterility and purity 
of the product. Among the possible contaminating agents are 
B virus and other naturally occurring monkey viruses, some 
of which are apparently latent and may be activated in tissue 
culture. Although all of these monkey viruses are inactivated 
by formalin, nevertheless rigid tests are made so that material 
from any contaminated kidneys may be excluded. Similar 
tests are again made on the single-strain virus pools before 
inactivation. 

In addition to the tests for residual virus which are made 
during and after inactivation, safety tests in tissue culture and 
in monkeys are made on the final product by the manufactur- 
ing firm and by the Biological Standards Control Laboratory 
of the Medical Research Council Laboratories, Hampstead, 
London. The tissue-culture safety tests are made on what are 
considered to be statistically adequate samples of the vaccine 
before the addition of preservatives. This material is dialysed 
and a minimum of two litres of the dialysed vaccine inoculated 
on to monolayers of monkey-kidney cells. These test cultures 
undergo a series of subcultures which are tested for their 
sensitivity to poliovirus; the effect of the vaccine on the 
sensitivity of the system is also controlled. 

In the monkey safety test, samples of vaccine from the final 
containers are inoculated intracerebrally, intraspinally and 
intramuscularly into monkeys treated with cortisone; this 
hormone treatment renders them more sensitive in detecting 
virus of the Brunenders type (Medical Research Council, 
1957d). Samples of blood are tested for viraemia during the 
observation period, at the end of which portions of lumbar 
cord are taken for virological studies, and histological sections 
are made of selected areas of the central nervous system. 

Some people have doubted whether the monkey safety test 
is necessary in addition to the tissue-culture safety tests in 
view of the much greater volume of vaccine which can be 
tested in tissue culture. While the tissue-culture safety test is 
much more sensitive to ordinary live virus suspensions than 
any monkey test now available, it may be that it is less sensi- 
tive than monkeys in detecting ‘‘ protected particles”’ of virus 
which have escaped inactivation during the manufacture of a 
vaccine (World Health Organization, 1958). 

In addition to these safety tests, the protocols of the manu- 
facturing process are scrutinized by the Department of 
Biological Standards, National Institute for Medical Research, 
Mill Hill, London, who have also available the results of tests 
on the single-strain pools (Evans, personal communication), 
for it has been the experience of all involved in safety testing 
that “. . . the significance of a negative test for infective virus 
on a given lot of vaccine is greatly enhanced if the particular 
lot is one of a series in which tests for infective virus are 
negative” (United States Public Health Service, 1958). The 
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safety test has then a twofold purpose, firstly as a test of a 
given lot of vaccine and secondly as a test of the manufacturing 
process. 
c. Potency Testing 

The test for antigenic potency is made in rhesus monkeys 
which are injected intramuscularly with 1 ml. of vaccine at 
0, 1, and 2 weeks. They are bled one week after the third 
injection and their sera are tested for neutralizing antibodies 
to each of the three types of poliovirus. The antigenic activity 
of some of the batches of British vaccine which have been 
tested in children has shown good agreement with the monkey 
potency tests (Medical Research Council, 1957d), but no 
standards of acceptable potency levels have as yet been estab- 
lished. The monkey test for antigenic potency does not appear 
to be very reproducible and is consequently statistically 
unsound. Gard, Wesslen, Fagraeus, Svedmyr & Olin (1956) 
have accordingly developed a test using guinea-pigs that 
appears to provide a satisfactory measure of the antigenicity 
of the vaccines as tested in triple-negative children, i.e., those 
lacking detectable antibodies to any of the three poliovirus 
types (World Health Organization, 1958). 


d. Field Trials 

By January 1956 production of vaccine at the Glaxo 
Laboratories was sufficiently advanced to make it possible for 
a Government announcement to be made that a poliomyelitis 
vaccination programme was to be started in Britain. The 
Poliomyelitis Vaccines Committee of the Medical Research 
Council decided that the limited amount of vaccine likely to 
be available should not be used indiscriminately but that it 
should be tested in a field trial. It was of particular importance 
to find out if the substitution of Brunenders strain for Mahoney 
strain would influence the protective effect of the vaccine, and 
secondly it was decided to try to find out the protective 
effect of formolized poliomyelitis vaccines among pre-school 
children, as this had not been studied in the USA field trial. 
Unfortunately the time available for the study, the shortage 
of vaccine, and a low incidence of paralysis in control and 
vaccinated groups, made it impossible to assess with any real 
precision the protection which British vaccine confers. The 
results of the trial taken at their face value indicated that 
British vaccine conferred about an 80% protection from 
paralytic poliomyelitis in both pre-school children aged about 
1}-5} years and in schoolchildren up to about 94 years (for 
the season following vaccination) (Medical Research Council, 
1957a). Unfortunately the trial could not be extended to 
provide a precise evaluation. 


e. Utilization of Vaccine in Great Britain 

Following the British field trial, vaccine was offered to all 
children already registered, and in September 1957 the 
Government announced that in 1958 vaccine would be offered 
to children of up to 15 years of age and to expectant mothers. 
In order to supplement the supplies of British-made vaccine 
the Government decided to import vaccine from North 
America. To begin with it was decided to subject imported 
vaccine to British safety and potency tests, but delays in 
supplies made it necessary to omit this, and as a temporary 
emergency measure the Medical Research Council agreed to 
the use of American and Canadian vaccines, provided that 
they had passed safety tests in the country of origin. In 
September 1958 the Government decided to extend vaccina- 
tion to further groups. These included general practitioners 
because of the observation that adult males of 25-45 years of 


age practising medicine have eight times as many deaths from 
poliomyelitis as would be expected from the general popula- 
tion rates (Doll & Hill, 1957). At the same time the Govern- 
ment indicated that a third booster shot would be introduced. 
Up to 31 December 1958, 7,000,000 individuals in England 
and Wales have had the two primary immunizing inoculations. 

Further assessment of the prevention of paralytic polio- 
myelitis in Britain by vaccine will largely depend on the inter- 
pretation of yearly trends, which is difficult. Unfortunately, 
at the time of writing the corrected figures of notifications for 
1958 are not available. In comparing notifications by age- 
groups for 1956 and 1957 with those of the previous ten 
years, no obvious shift is seen in the attack-rates of the age- 
groups vaccinated (Knowelden, personal communication), 
but perhaps there were too few protected by vaccination to 
have any appreciable effect. It may take several years before 
a consistently low incidence can be considered to be a direct 
result of vaccination, and we must not be surprised if the 
number of cases of poliomyelitis fails to decline dramatically. 


f. Laboratory Assessment of Vaccines 

The antibody response to the three batches of poliomyelitis 
vaccine used in the 1956 field study was tested in 196 children 
who had no detectable poliomyelitis antibody before vaccina- 
tion. The results of this study showed that two weeks after the 
second inoculation all except two children had produced 
antibodies to all three types and that children under five years 
of age (one to four years) responded as well as those of five 
years and over (Medical Research Council, 1957b). 

A study of the decline in antibody in 100 children eight to 
eleven months after primary immunization (Medical Research 
Council, 1957c) showed that with the Type 2 component the 
geometric mean titre had fallen from 1 in 283 to 1 in 166, and 
that one serum had a titre of less than 1 in 4. With Type 1 the 
mean titre had fallen from 1 in 78 to 1 in 14, and 31 children 
had titres of 1 in 4 or less, and with Type 3 had fallen from 
1 in 113 to 1 in 19, 20 children having titres of 1 in 4 or less. 
In general, a third booster injection gave a substantial anti- 
body rise to each of the three types, although in children whose 
antibody titres had declined to 4 or less the response to the 
third dose was poor, especially with Type 1. 

While vaccine was scarce, Connolly & Dick (1958) 
investigated the intradermal route of immunization which has 
been employed in Denmark and elsewhere. They found the 
method unsatisfactory for primary vaccination because of 
poor antibody response in children devoid of antibody before 
immunization. (An antibody response was elicited in some 
children after large oral doses of formolized vaccines, but this 
has at the moment no practical application.) 

Perkins, Yetts & Gaisford (1958) have studied the response 
of 28 infants from one to ten weeks of age to two inoculations 
of vaccine spaced four weeks apart. It was found that only 
12.5% responded to Type 1 antigen, 47% to Type 2 and 36% 
to Type 3. This poor response apparently depended chiefly 
on the level of the maternal antibodies which, it is considered, 
inhibit the response to the homologous type. Perkins (per- 
sonal communication) and his colleagues have subsequently 
given the infants booster inoculations 10-12 months after 
primary immunization and have found a poor response in 
those with high maternal antibody at the time of primary 
immunization. They have concluded in general that immuni- 
zation of infants is unsatisfactory and that to obtain responses 
in all infants it is necessary to delay immunization till maternal 


Brit. med. Bull. \99¥Vol, 15 } 





on OO + ww 


®) 
h 
e 
d 
e 
n 
n 
5. 


POLIOMYELITIS VACCINATION IN BRITAIN G. W. A. Dick & D. S. Dane 


antibodies have fallen to low non-inhibitory levels, which may 
be at 6-9 months of age. 

These findings are at variance with those of North American 
investigators who conclude that immunization in early infancy 
is successful (Brown & Smith, 1956; Batson, Christie, Mazur 
& Barrick, 1958). 


g. Comments on Inactive Poliovirus Vaccines 


There is no doubt that vaccination with potent Salk-type 
vaccine will confer a high degree of protection against the 
paralytic disease. There is as yet no information on how long 
this protection will last. The most important factor in immuni- 
zation would appear to be an efficient primary stimulus. In 
studying booster responses, it has been shown (report from 
Biological Standards Control Laboratory, 1959) that in 
individuals whose Type 1 antibody has dropped to undetect- 
able levels the booster response is little better than in indivi- 
duals in whom only a pre-existing Type 2 antibody was present 
at the time of primary immunization. Salk (1958) has sug- 
gested that hyperreactivity will occureven atlow orundetectable 
levels of antibody, and Murray (1958) has stated that protec- 
tion against paralytic poliomyelitis is induced even in the 
absence of detectable Type 1 and 3 antibody; but until there 
is more information we must accept antibody as the index of 
protection. It may be that the presence of Type 2 antibody 
will reduce the risk of a Type 1 paralytic infection (Dane & 
Briggs, 1956; Hammon & Ludwig, 1957), but an extensive 
trial would be required to show that artificially induced Type 2 
antibody by itself was protective against paralysis caused by 
Type 1 poliovirus. 

It has been reported that much of the material used in 
about 200 million USA inoculations has been of very poor 
quality (Time, 1959). From published data it is not possible 
to know the potency of the vaccines used in the United 
Kingdom. Using the present monkey test for potency, poor 
vaccines can be discovered, but those with marginal potency 
in man have given results in monkeys nearly as good as the 
best vaccines (see report from the Biological Standards 
Control Laboratory, 1959). There is now a considerable 
amount of evidence which indicates the enormous variability 
of different batches of commercial vaccines (Kelly & Dalldorf, 
1956; Murray, 1958), and scattered fragmentary observations 
from the United States of America have suggested that com- 
mercial vaccines have not been eliciting antibodies in an 
appreciable proportion of triple-negative children who had 
received two injections (Murray, 1958). One of the real 
problems is to establish a satisfactory potency test. Theoreti- 
cally the guinea-pig extinction limit titration (Gard et al. 1956) 
appears to be the most satisfactory measure of comparative 
potency, but apparently it has not been used extensively out- 
side Sweden. Difficulties in measuring potency will largely 
disappear when more potent vaccines are available. 

It would seem from studies in children that the vaccine 
potency must be improved, particularly with regard to the 
Type 1 component. Although at present the single-strain 
pools are mixed in approximately equal amounts it seems 
reasonable to increase the proportion of the Type 1 antigen 
and make a vaccine with half Type 1 and a quarter each of 
Types 2 and 3. But the main need is for better antigens for all 
components which might be diluted to provide a standard 
product of known potency. 

Until vaccines of good potency are available, it would seem 
that a fourth shot will be required for individuals at special 
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risk as is now being recommended in the USA. It would seem 
more satisfactory to ensure efficient primary immunization. 
The commercial vaccines available at the moment are far 
from ideal, but this does not mean that a proved method of 
immunization will not be improved on or that it should be 
abandoned for live virus vaccines; these will now be discussed. 


2. Live Poliovirus Vaccines 


Live attenuated poliovirus vaccines taken orally were 
developed on the hypothesis that they would provide a better 
and more lasting immunity than inactive virus vaccines. For 
their preparation it has been necessary to select strains of 
virus which would produce an alimentary infection and im- 
munize, but would be devoid of paralytogenic properties in 
man. The only index available by which the potential human 
paralysing property of a poliovirus can be judged, at present, 
is its intracerebral and intraspinal pathogenicity for monkeys. 
The first attempt to immunize human beings with attenuated 
polioviruses was that of Koprowski and his colleagues 
(Koprowski, Norton, Jervis, Nelson, Chadwick, Nelson & 
Mayer, 1956). They employed the TN (Type 2) strain which 
had been attenuated by passage in rodents so that it was non- 
cytopathogenic in tissue culture and could be inoculated in 
large amounts intracerebrally into monkeys without causing 
paralysis. Their original Type 1 strain SM virus was attenuated 
by intraspinal passage in mice and subsequently passed in 
monkey and chick-embryo tissue cultures. For reasons which 
will be discussed, Koprowski subsequently utilized the tech- 
nique of plaque purification (Dulbecco & Vogt, 1954) which 
was introduced by Sabin (1957) for the preparation of at- 
tenuated oral vaccines. In Sabin’s earlier studies he had 
employed strains of virus selected by the terminal dilution 
technique in monkey kidney tissue cultures. He subsequently 
showed, in plaque studies, that these strains were not homo- 
geneous in their neurotropic properties. After testing the 
intraspinal pathogenicity of the progeny of a large number of 
triply purified plaques from several strains of poliovirus he has 
selected as his “‘optimal’’ Type 1 strain for human trials the 
LSc, 2 ab strain segregated by plaque cultures from terminal 
dilutions of the LSc Type 1 virus. The Type 2 “optimal” 
single-plaque strains selected were derived from a naturally 
occurring strain (P-712) which had been fed to a chimpanzee, 
whereas the Type 3 strain was derived from Leon virus (Sabin, 
1958). 

The current strains of attenuated poliovirus vaccines 
developed by Cox and his colleagues at the Lederle Labora- 
tories, Pearl River, New York, have employed attenuation 
both by animal passage and plaque purification (Cox, 
personal communication). Their Type 1 strain is derived from 
the attenuated SM strain used by Koprowski which has been 
further subjected to four successive plaque purifications in 
monkey-kidney cultures. Their Type 2 strain is derived from 
MEF, virus by passage from mouse brain through suckling 
hamsters, chick-embryo and monkey-kidney cultures followed 
by two consecutive plaque purifications, and the Type 3 strain 
from the relatively avirulent Fox strain by four successive 
plaque purifications (Cox, personal communication). 


a. Safety Tests 
The safety of oral vaccines is assumed from their relative 
lack of monkey neurotropism. Many million tissue-culture 
infectious doses of the vaccines developed by Sabin and by 
Cox can be inoculated intracerebrally into large numbers of 
monkeys with negative results. As judged by this test, they 
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may be said to be attenuated many millionfold compared 
with strains recovered from paralytic cases and they are very 
much more avirulent than any known naturally occurring 
avirulent strains. The final safety testing has to be done in 
human beings, as the relationship between a paralysing dose 
for monkey and man is unknown. Before carrying out safety 
tests in human beings, however, the vaccines must be shown 
to be free from any contaminating viruses, fungi or bacteria. 


b. Tests in Human Beings 


The reports of Koprowski et al. (1956) were so encouraging 
that, at the time the field trial of inactive vaccine was being 
made in Great Britain, a small trial of TN (Type 2) and SM 
virus (Type 1) was made in Northern Ireland (Dane, Dick, 
Connolly, Fisher & McKeown, 1957; Dick, Dane, Fisher, 
Connolly & McKeown, 1957). The results of this trial showed 
that the vaccines produced no harmful effects in the individuals 
who were vaccinated. At the same time the lack of monkey 
neurotropism of these vaccines which had made them accep- 
table was not maintained when they multiplied in the human 
gut, and the virus excreted by those vaccinated was indis- 
tinguishable from some naturally occurring strains. Secondly, 
it was found that even under conditions of good hygiene the 
SM Type 1 strain of virus could spread from vaccinated 
individuals to their contacts. This indicated that attenuated 
virus vaccines must not only be safe to the vaccinated indivi- 
duals but, because of spread, that excreted vaccine virus must 
also be safe on transmission in the community. It was further 
shown in these studies that polioviruses multiply better in the 
alimentary tract of children than of adults, and as a result it 
was suggested that the preliminary evaluation of live polio- 
virus vaccines should be made in triple-negative children 
(Dick, 1958). 

A trial of Cox’s strains (da Silva, McKelvey, Bauer, Prem, 
Cooney & Johnson, 1957) confirmed that virus spreads readily 
from vaccinated individuals to their contacts and also that 
the virus excreted by some vaccinated individuals shows an 
increase in neurotropism. Although Sabin has not reported 
studies on the spread of his “‘optimal”’ strains, and most of 
his preliminary trials have been made in adults, he has also 
found a slight increase in neurotropism with each of his 
vaccine viruses after multiplication in the human gut. Very 
definite changes towards neurotropism have been found in 
children fed with Sabin’s Type 3 virus vaccine by Clarke, 
Goffe, Stuart-Harris & Herzog (1958) in Sheffield. 

As far as immunizing properties of attenuated vaccines are 
concerned, it was shown by Dane et al. (1957) that only four 
of 18 adults (22%) and 96 of 124 children (77%) fed TN 
(Type 2) virus developed Type 2 antibody in response to 
vaccination, whereas all of 14 individuals fed Type 1 (SM) 
vaccine developed antibody. Of 25 infants fed with Cox’s 
strain of Type 1, 2 and 3 viruses, 96% developed Type 1 
antibody, 84% developed Type 2 antibody and 96% Type 3 
(da Silva et al. 1957). Clarke et al. (1958) found that only 
five of 12 children developed antibody. 

It has been assumed by many that the immunity which 
follows the use of live virus vaccines will be more durable 
than that which follows vaccination with formolized vaccines. 
There is no evidence of this as judged by antibody studies, for 
Dane, Dick, Briggs & Nelson (1958) have shown that the 
neutralizing antibodies found in children one year after vacci- 
nation with TN virus were of the same order as those reported 
in non-immune children who had received two injections of 


formolized vaccine a year before. Whether the antibody 
produced by the more attenuated strains in current use will 
be even as durable as this has not yet been demonstrated. 


c. Mass Vaccination Campaigns 


More than half a million individuals have now been fed 
with one or more strains of attenuated poliovirus vaccines 
without any reports of illness associated with the vaccine. 
It is difficult to know how well these people or their contacts 
have been observed—for example, in the vaccination of 
250,000 people in the Congo and Ruanda Urundi (Courtois, 
Flack, Jervis & Koprowski, 1958). Furthermore, there is 
little information on their state of immunity before vaccination. 
It would seem that the currently available strains are safe to 
the individual vaccinated, but obviously much more detailed 
information is required before one can evaluate the exact 
degree of safety. In assessing the importance of spread, it 
must be remembered that any untoward effects which the 
vaccine virus might have may not show up in the immediate 
contacts of vaccinated individuals. In the field trials so far 
conducted no evidence of any illness in family or community 
contacts has been reported. However, these trials have not 
been conducted with the same attention to detail which 
characterized the British and American trials of inactive virus 
vaccines. 


d. Comments on Live Virus Vaccines 


There are two schools of thought with regard to the use of 
live virus vaccines for field trials. One school believes that 
there is sufficient information to justify large-scale field trials. 
Most British investigators, on the other hand, believe that 
large-scale field trials are not justified until we have more 
information on the safety of using a vaccine which spreads 
readily (this is after all a new concept in human vaccination) 
and on the protection which attenuated virus vaccines will 
confer. The degree of increased neurotropism of the current 
attenuated vaccine viruses has varied from one group of 
observers to another. In no case has it been great, and it may 
well be that these strains will never revert to highly virulent 
strains with invasive and paralytogenic properties. At the 
same time the virus excreted by some of those vaccinated would 
be considered by most proponents of this type of vaccine to 
be unacceptably virulent as a vaccine virus, and it is somewhat 
illogical to lay down acceptable degrees of neurotropism for 
the vaccines and then accept different standards for the 
transmissible excreted virus. 

In assessing the importance of spread it must be emphasized 
that, at the moment, the virus excreted by some vaccinated 
individuals cannot be distinguished from naturally occurring 
avirulent strains, and that very little is known about the 
behaviour of avirulent strains in nature. It would seem there- 
fore that further information is required on the potential 
hazard of the excreted virus. This could be obtained by 
carefully studying the effect of feeding vaccine virus which 
had multiplied in the human gut to a gradually increasing 
number of volunteers. 

Some investigators, who may be right, believe that the time 
has arrived for undertaking extensive field trials, and several 
such trials are now being done in countries outside the British 
Commonwealth. It is to be hoped that they will be planned, 
unlike the mass feeding in the Congo, to provide some useful 
information. The method of planning an adequately con- 
trolled trial of a vaccine which spreads has not, as far as we 
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know, been satisfactorily worked out, and it may not be 
possible to do it in any of the more usual ways. 


3. Conclusions 

In comparing inactive and live poliovirus vaccines, we must 
compare the currently available vaccines. It may be that the 
current live virus vaccines will prove superior to inactive 
virus vaccines. The difficulties of demonstrating this are very 
great. At the same time it must be realized that improvements 
will probably be made with both. It seems likely that in- 
activated virus vaccines of greater antigenicity will become 
available. These should provide a better primary response 
and a long-lasting immunity after booster injections. It is 
also possible that attenuated live virus vaccines may be pro- 
duced which will not spread, but it is quite possible that more 
highly attenuated strains might fail to multiply sufficiently in 
the alimentary tract to be antigenic. Although we have little 
information on the durability of antibody following immuni- 
zation with inactive viruses, there is no evidence that the 
attenuated strains in current use will give better immunity as 
measured by antibody. There is, however, evidence that after 
infection with attenuated virus vaccines the alimentary tract 
develops resistance to reinfection with these viruses. This 
gives hope that a similar resistance may occur on reinfection 
with virulent strains. If this proves to be the case, there is a 
real chance that wild polioviruses might disappear from a 
community where sufficient numbers had been vaccinated with 
live virus vaccines. This does not appear to happen after 
primary vaccination with inactive vaccines, but until a high 
proportion of the susceptible persons in a country have been 
adequately vaccinated with potent inactivated vaccines the 
possibility of elimination of polioviruses with such vaccines 
cannot be excluded. 

The failure of American formolized vaccines to control 
epidemics effectively has suggested to some that live attenuated 
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strains might be used for this purpose. We know of no way 
of evaluating their effect under epidemic conditions. Further- 
more, there is no evidence as to how the attenuated strains 
would behave when conditions are ripe for an epidemic. The 
possibility of untoward effects resulting from synergism with 
other enteric viruses would also have to be considered 
(Dalldorf & Weigand, 1958).* 

It is sometimes said that the future of live poliovirus vaccines 
is assured by the success of live virus vaccines in veterinary 
medicine. A careful study of the use of live vaccines in rinder- 
pest, distemper, orf and other virus diseases indicates that the 
standards required for a human vaccine are quite different 
from those required in veterinary medicine, and the type of 
vaccine which is suitable for reducing the mortality and 
morbidity in disease of animals would quite often be unac- 
ceptable for man.? 

The belief that a durable immunity will follow immunization 
with live virus vaccines is not substantiated by experience of 
the commonest live virus vaccine in use, namely vaccinia. 
The superiority of live virus vaccines for immunization against 
paralytic poliomyelitis must be accepted only on the basis of 
the experimental and field evidence. The controlled field trials 
of inactive poliovirus vaccines have shown that they have a 
considerable effect in reducing the incidence of paralytic 
poliomyelitis. Oral live vaccines will have to be shown to be 
better and safer than inactive virus vaccines before they are 
likely to be accepted for vaccination in any part of the British 
Commonwealth. The development of poliovirus vaccines has 
been bedevilled by political, emotional and commercial 
interests in the past, and further advances will be made 
only by a continuous, systematic and critical search for the 
truth. 


1 See also Macrae, p. 210 of this number of the Bulletin.—Ep. 
? On the other hand, the live vaccines used to protect man against smallpox and 
yellow fever are quite acceptable and of proved value.—Epb. 
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Human intestinal tract viruses that share a number of pro- 
perties have recently been grouped together as the family of 
enteroviruses (National Foundation for Infantile Paralysis, 
1957). In this family are included the poliomyelitis viruses, 
the Coxsackie viruses and the enteric cytopathogenic human 
orphan or ECHO viruses. 

The Coxsackie viruses (Dalldorf & Sickles, 1948; Tobin, 
1953) and the ECHO viruses (Robbins, Enders, Weller & 
Florentino, 1951; Riordan, Ledinko & Melnick, 1952; 
National Foundation for Infantile Paralysis, 1955) were 
discovered during poliomyelitis investigations. These viruses 
were initially found in association with this disease, particu- 
larly its non-paralytic or meningeal form, and have been 
isolated mainly from young children. More recent studies 
have shown that they may be excreted by persons suffering 
from a variety of illnesses and also by apparently healthy 
persons. Like the poliomyelitis viruses their distribution 
tends to be seasonal, with the maximum excretion during the 
late summer and autumn, although the peak periods do not 
necessarily coincide. A few of the ECHO virus types have, 
however, been isolated mainly from the respiratory tract and 
these are more in evidence during the colder months of the 
year (Sabin, 1958). 

Excretion of these viruses has been found to be more wide 
spread in population groups with inadequate housing and 
sanitary facilities. In view of this and of the relatively short 
duration of their excretion they are not considered to benormal 
inhabitants of the intestinal tract (Horstmann, 1958; Hsiung 
& Melnick, 1958). Their role as possible aetiological agents 
in outbreaks of illness depends on the isolation of one virus 
type from a high proportion of patients in a particular out- 
break, together with the finding of only a low incidence of 
this virus type among healthy persons in the same area who 
have not been contacts of the patients. Virus isolations from 
body-fluids other than from the intestinal tract, e.g., the 
cerebrospinal fluid (c.s.f.) when the illness is meningitis, are 
additionally useful, as is the development of increasing titres 


of neutralizing antibody in samples of serum taken from 
patients during the course of illness. 


1. Virus Characteristics 

Attention will be devoted mainly to the characteristics of 
the ECHO viruses. The Coxsackie viruses (Tobin, 1953) and 
the poliomyelitis viruses (Rhodes, 1953) have been dealt with 
previously. For further information on them see Dalldorf 
(1955, 1958) and Boyd (1957); they will, in addition, be 
mentioned when necessary for completeness. 

Originally the ECHO viruses were referred to as “orphan” 
or as “human enteric’’ viruses. They were isolated in tissue 
culture and failed to induce disease in animals—including 
new-born mice—a feature distinguishing them from the 
Coxsackie viruses. Some modification of this has proved 
necessary because of reports (Tyrrell & Snell, 1956; Boissard, 
Stokes, Macrae & MacCallum, 1957; Nihoul & Quersin- 
Thiry, 1957; Sabin, 1958) that many strains antigenically 
related to ECHO Type 9 virus have caused lesions of a Cox- 
sackie Group A character in new-born mice, for the most part 
after preliminary passage in tissue culture. In addition, 
strains antigenically related to ECHO Type 10 virus have 
induced lesions of a Coxsackie Group B character in new-born 
mice (National Foundation for Infantile Paralysis, 1957). 
Whether such strains should be classed as Coxsackie viruses 
is unsettled. 

No systematic examination of the ECHO viruses has yet 
been reported. Information on their biological properties is 
therefore incomplete. Some, at least, resemble poliomyelitis 
viruses in size, i.e., within the 25-35 my range (Melnick, 
1957a; Tyrrell, Clarke, Heath, Curran, Beswick & Wolman, 
1958) and in ether resistance. ECHO Type 10 virus has, 
however, been reported to be about 75 my in diameter when 
measured by filtration through a gradocol membrane (Ramos- 
Alvarez & Sabin, 1956). 

The ECHO viruses have been isolated frequently from faecal 
suspensions, pharyngeal exudates and cerebrospinal fluids but 
only rarely from central nervous tissue (Steigman, Kokko & 
Silverberg, 1953; Verlinde, 1958). Cytopathic degeneration 
occurs after inoculation of virus suspensions into primary 
cultures of rhesus or cynomolgus monkey tissue (testis and 
kidney), or human tissue (kidney, amnion, fallopian tube, 
embryonic lung or embryonic skin-muscle). The changes 
induced resemble those caused by poliomyelitis viruses but 
may appear more slowly and be less complete. In the case of 
ECHO Type 10 virus the degeneration differs in that it con- 
sists of small grape-like cell clusters (Ramos-Alvarez & Sabin, 
1954). Degeneration also occurs when ECHO Type 10 virus 
is inoculated into kidney-cell cultures of rhesus, patas and 
capuchin monkeys, of swine, dog, cat, guinea-pig, and to some 
extent rabbit and calf. In this it differs: from the other human 
enteric viruses (Hsiung, 1958). In contrast to the results with 
poliomyelitis viruses, continuous cell lines are not suitable 
for attempts at ECHO virus isolation, as cytopathic changes 
do not appear or are indefinite. Virus adaptation may take 
place after a number of passages (Archetti, Weston & Wenner, 
1957). 

Coxsackie viruses vary in their effect on tissue-culture cells. 
Strains of Group A Type 9 virus, some strains of Type 16 
virus (Robinson, Doane & Rhodes, 1958) and possibly strains 
of other known types (Melnick, 1957b) will cause cytopathic 


1 See Andrewes, p. 222 of this number of the Bulletin.—Epb. 
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degeneration of rhesus or cynomolgus monkey kidney and 
human amnion but not of HeLa cells. Group A Types 11, 13, 
15 and 18 will affect HeLa but not monkey-kidney cells. Other 
Group A viruses do not usually induce degeneration of any 
of these cells although some types may act on cells such as 
those derived from human embryonic or mouse tissues (Weller, 
Robbins, Stoddard & Florentino, 1953). Virus multiplication 
may occur without cell degeneration, as shown by the fact 
that tissue-culture fluids after a number of blind passes will 
sometimes induce paralysis when inoculated into new-born 
mice. 

The Coxsackie Group B viruses will all cause degeneration 

of monkey-kidney cells, but the effect on HeLa cells is variable; 
Types 1, 3 and 5 grow readily but Types 2 and 4 are uncertain 
in their action. Guerin & Guerin (1957) have reported that 
the Group B viruses will multiply in pig-kidney cells, but the 
cytopathic changes appear more slowly and are not clear cut 
(Lane, personal communication). 
‘ Using the plaque technique, Hsiung & Melnick (1957, 1958) 
have studied the susceptibility to enteroviruses of kidney cells 
from different monkey and baboon species. Of 13 species of 
monkey and four species of baboon tested, all were as sus- 
ceptible to poliomyelitis viruses as the rhesus (Macaca mulatta) 
monkey, or more so. There was varying susceptibility among 
these species to the Coxsackie and ECHO viruses. Kidney 
cells from rhesus and patas (Erythrocebus patas) monkeys 
were selected as providing differences in cell susceptibility and 
plaque morphology for the separation of ECHO viruses into 
two groups—“A”’, producing small irregular plaques in rhesus 
kidney cultures and no plaques in patas cultures, and “B”’, 
producing plaques in both rhesus and patas cultures. Virus 
Types 1, 3, 4, 6, 9, 11 and 13-19 inclusive were placed in 
Group A, as were Types 2, 5, 6 and 10, which have not 
produced plaques but which cause degeneration of rhesus but 
not patas kidney cells in tube cultures. Virus Types 7, 8 and 12 
were placed in Group B. Sommerville, McIntosh & Carson 
(1958) studied the interaction between ECHO virus Types 1, 
2, 7 and 11 and rhesus monkey-kidney cells, the viruses being 
selected because of their different plaque-forming charac- 
teristics. The growth cycle experiments did not explain the 
plaque differences. 


a. Antigenic Aspects 


There are at least 57 serologically distinct enteroviruses. 
These include three poliomyelitis viruses, 30 Coxsackie viruses 
of which five are in Group B, and 24 ECHOviruses. Neutraliz- 
ing antibody develops after infection in man, including in- 
apparent infection, or as a result of animal immunization. 
Usually it is possible to prepare high-titre antisera, although 
ECHO Type 4 virus and some strains of ECHO Type 6 are 
reported exceptions (National Foundation for Infantile 
Paralysis, 1957). 

Partial reciprocal neutralization between ECHO virus 
Types 1 and 8 and some cross-reactions between these types 
and ECHO Type 12 antiserum have been noted. From cross- 
reactions between Types 1 and 13 virus and their antisera, 
it was found that the original prototype virus was a mixture. 
Separation and the provision of a new ECHO 13 prototype 
virus have been accomplished. 

Antigenic variation may be present among ECHO viruses 
(National Foundation for Infantile Paralysis, 1957); for 
example, some strains of ECHO Type 6 virus have a broader 
antigenic composition than the prototype virus whose anti- 


serum will neutralize them only to a limited extent; yet their 
own antisera will neutralize most strains of the same virus 
type. Similar findings with newly isolated strains of ECHO 
Type 9 virus (Flugsrud, Abrahamsen & Lahelle, 1958) and 
with strains of Coxsackie Group B viruses (Wigand & Sabin, 
1958) have been reported. The specificity of a strain may be 
altered by growing it in the presence of a heterologous serum. 
It is possible that this phenomenon occurs naturally during an 
outbreak of infection (Karzon, 1957). 


b. Effect on Central Nervous Tissue 


Wenner & Chin (1957) examined the central nervous tissue 
of monkeys immunized against the original 13 types of ECHO 
virus. In monkeys killed 30-80 days after a course of intra- 
muscular injections of virus and mineral oil adjuvant there 
were localized lesions in the grey matter of the lumbar and 
cervical regions of the spinal cord. The lesions occurred most 
frequently with virus Types 2 and 10 and to a less extent with 
Types 1, 3, 4, 6 and 13. Neuronal damage, glial proliferation, 
infiltration with mononuclear cells and occasionally round- 
cell infiltration of subependymal tissues and choroid plexus, 
and hyperplasia of the choroidal epithelium, were seen. 

Coxsackie virus studies have shown that a Group A Type 7 
virus—the Russian AB-IV strain—may cause paralysis in 
experimentally infected monkeys. The paralysis was minimal 
but was enhanced in monkeys previously given cortisone, 
although not by monkey passage (Horstmann & Manuelides, 
1958). Histologically, lesions resembling those of polio- 
myelitis, but milder in degree, were found in the central 
nervous tissue. Similar lesions were observed in monkeys 
inoculated with other strains of Coxsackie Group A Type 7 
virus (Habel & Loomis, 1957) and with strains of Coxsackie 
Group A Type 14 virus (Dalldorf, 1957). The Coxsackie 
Group A and ECHO viruses, unlike those of Coxsackie 
Group B, have not been observed to interfere with the 
poliomyelitis viruses. During 1956 when, in addition to 
poliomyelitis, there were extensive outbreaks of illness caused 
by ECHO Type 9 virus, laboratory studies yielded 214 polio- 
myelitis viruses, 109 ECHO Type 9 viruses and four Coxsackie 
Group B viruses (Stokes & Macrae, 1957). In some instances 
a mixed infection might lead to a more severe illness. Dalldorf 
& Weigand (1958) showed that combined inoculation in 
monkeys of a Coxsackie Group A Type 14 virus and an 
attenuated Type 1 poliomyelitis virus caused severe paralysis, 
although each virus alone was without obvious effect. 

Poliomyelitis virus has often been isolated from brain or 
spinal cord tissue of fatal cases of poliomyelitis but it has 
rarely been found in the cerebrospinal fluid, although McCrea 
(1957) reported the isolation of a Type 1 virus from the 
cerebrospinal fluid of a nine-year-old boy with paralysis. 
Other enteroviruses have been more readily obtained from 
the cerebrospinal fluids of patients with aseptic meningitis. 
In different outbreaks all the Coxsackie Group B viruses, the 
Coxsackie Group A virus Types 4, 7 and 9 (Gear, 1959) and 
the ECHO virus Types 2, 4, 5, 6, 9 and 14 (Sabin, 1958) have 
been isolated. 


c. Virus Stability and Survival 
Like the poliomyelitis and Coxsackie viruses, the ECHO 
viruses are stable agents and will survive long periods at 
4° C. or even at higher temperatures. Tyrrell et al. (1958) 
have shown that the stability of the ‘‘ Haynes” strain of ECHO 
Type 9 virus, when held in a water-bath for 30 minutes at 
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various temperatures, was similar to that of poliomyelitis 
virus. The same strain was stable between pH 3 and pH 9 and 
was undamaged by four cycles of freezing and thawing. 

In some experiments in which tissue-culture fluid suspen- 
sions of a Type 1 poliomyelitis virus, a Coxsackie Group A 
Type 9 virus, an ECHO Type 6 virus and six ECHO Type 9 
viruses isolated at different times from different areas were 
held in a water-bath at 37° C., it was found that after 24 hours 
the ECHO Type 9 viruses were uniformly inactivated to a 
greater degree than were the other viruses. 


d. Chemical Nature 


The information available is limited to the poliomyelitis 
viruses, but studies (Schwerdt, 1957) suggest that they may be 
simple nucleoproteins containing at least 25-30% ribonucleic 
acid by weight. 


e. Enteroviruses from other Sources 


A number of viruses have been isolated from the faeces of 
monkeys, cattle, pigs and dogs by means of tissue cultures of 
kidney from these animals (see Melnick, 1957a; Hsiung & 
Melnick, 1958). Some of the strains originally isolated in 
calf, pig or dog kidney will grow also in monkey kidney; others 
will not do so. Whether any of these viruses can infect human 
beings is at present uncertain; none has been isolated from 
this source, but Klein (1958) has found that two bovine 
viruses were neutralized by human y-globulin. A polio- 
myelitis virus inhibitor, which may be neutralizing antibody, is 
sometimes present to a low titre in serum from horses or 
cattle. Though this may at times be due to a bovine entero- 
virus which has an antigen in common with the poliomyelitis 
viruses, yet there is good evidence that it may be non-specific 
(see Hsiung & Melnick, 1958). 


f. Diagnosis 

Different viruses in this group may cause similar clinical 
manifestations in man. A specific diagnosis depends on virus 
isolation by suitable tissue culture or other methods and on 
serological studies. 

The standard neutralization test using a single virus dose 
—about 100 tissue-culture infective doses (TCID;9)—against 
increasing dilutions of serum is the most specific test but is 
cumbersome in practice. An alternative may be the metabolic 
inhibition or colour test (Melnick & Opton, 1956). The ECHO 
viruses, like poliomyelitis and Coxsackie viruses, may induce 
the formation of complement-fixing antibody as a result of 
human infection or of animal immunization. Complement- 
fixing antigens consist of high-titre virus suspensions usually 
prepared in monkey-kidney cells or, after virus adaptation, in 
HeLa cells (Archetti et al. 1957). Cross-reactions have been 
noted between ECHO virus Types 1, 8, 12 and 13 (National 
Foundation for Infantile Paralysis, 1957) and between ECHO 
and poliomyelitis virus antigens (von Zeipel & Svedmyr, 1957). 
With specific antisera the method is suitable for identifying 
newly isolated viruses, but group effects may complicate the 
results of tests with human sera, particularly in persons 
exposed to different ECHO virus types. 

Goldfield, Srihongse & Fox (1957) have reported that, of 
the ECHO viruses, Types 3, 6, 7, 10, 11 and 12, and of the 
Coxsackie viruses, Group B Type 3, will agglutinate human 
Group O erythrocytes. On this basis a subdivision of these 
ECHO viruses has been made: Types 7, 10 and 12 will agglu- 
tinate erythrocytes irrespective of temperature within the 


8-37° C. range, whereas Types 3, 6 and 11 show reduced titres 
at 37° C., compared with 8° C. or 25° C. Erythrocytes from 
which the haemagglutinins had been eluted showed a receptor 
gradient against the enteroviruses but were still fully reactive 
with influenza virus (Goldfield, Srihongse & Fox, 1958). 
McIntosh & Sommerville (1959) found that eight of 24 newly 
isolated strains of ECHO Type 7 virus would agglutinate 
human erythrocytes; two newly isolated strains of Coxsackie 
Group A Type 9 virus would also do so, although standard 
strains of this type apparently do not. Lahelle (1958) showed 
that there was similar variation in the haemagglutinating 
capacity of strains of ECHO Type 6 virus. A number of 
simian enteroviruses will agglutinate erythroctyes (Hull, 
Minner & Smith, 1956) and it is therefore necessary when 
testing newly isolated viruses to check that agglutination is 
inhibited by type-specific antiserum. Agglutination tests with 
erythrocytes treated with tannic acid have been used for a 
number of viruses, including poliomyelitis viruses (McKenna, 
Zuschek & Frankel, 1958) and may be suitable for other 
enteroviruses also. 


2. Infections Associated with Enteroviruses 


The clinical illnesses with which enteroviruses have been 
associated are shown in Table I. A proportion only of the 
total number of enteroviruses is involved. Sabin (1958) 
considers that the viruses isolated mainly from healthy 
children form a distinct group, but with investigations becom- 
ing more extensive the number of such viruses dwindles. It is 
often difficult to decide, however, whether the viruses asso- 
ciated with a particular outbreak of illness are the true 
aetiological agents or not; continued epidemiological and 
laboratory studies are needed. 


a. Aseptic Meningitis 

The clinical syndrome with which the greatest number of 
distinct types of enterovirus have been concerned is acute 
aseptic or non-bacterial meningitis. This may be caused by 
poliomyelitis, Coxsackie or ECHO viruses as shown in the 
table, as well as by other agents, including lymphocytic 
choriomeningitis virus, mumps virus, herpes simplex virus 
and leptospirae. Clinically it is impossible to distinguish 
between these except perhaps under circumstances in which a 
proportion of patients develop a maculo-papular rash. 
Irrespective of the virus the illness usually runs a benign 
course and only occasionally are there neurological sequelae. 

The onset is often acute, with vomiting, particularly in 
children, severe headache, fever and neck rigidity. Less com- 
mon manifestations include cough, sore throat, backache, 
rigors, drowsiness, enlarged lymph glands and photophobia. 
The duration of illness varies. There may be a premeningeal 
phase or an intermission of pyrexia. The rash, when it occurs, 
is of an erythematous maculo-papular nature. It is often 
confined to the face but may spread down over the neck, 
shoulders and trunk. The number of cells in the cerebrospinal 
fluid ranges from less than a hundred to several thousands. 
Early in the illness the cerebrospinal fluid may be normal or 
contain mostly polymorphs, but later the cells are mainly 
lymphocytes. 

Wallgren (1925) deduced the existence of an acute aseptic 
meningitis which was distinct from poliomyelitis, but the 
association of the meningitic form with paralytic illness in 
outbreaks of poliomyelitis resulted in the assumption, when 
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TABLE I. ASSOCIATION OF ENTEROVIRUSES WITH CLINICAL DISEASE 


Clinical manifestation 


Poliomyelitis 
viruses 


Paralysis (poliomyelitic) 
Encephalitis (including polio-encephalitis) 
Aseptic meningitis (including non-paralytic poliomyelitis) 


Aseptic meningitis with associated rash. 
Febrile reaction: no apis 7 (including abortive ‘polio- 
myelitis) . ° ° a ‘ 


Febrile reaction with rash 
Herpangina ‘ 
Epidemic pleurodynia . 
Diarrhoea . ‘ 


Myocarditis of new-born 
Mild respiratory infections . 


laboratory diagnosis was not available, that the meningitis 
was in most instances a non-paralytic form of poliomyelitis. 
The incidence of aseptic meningitis relative to paralytic 
poliomyelitis has fluctuated from year to year; increasingly 
effective laboratory studies have shown that cases not due to 
poliomyelitis may be due to infection by other agents, 
including those already listed. In the British studies of the 
effectiveness of poliomyelitis vaccine (Medical Research 
Council, 1957) it may be seen that few of the patients notified 
as suffering from non-paralytic poliomyelitis were found to be 
excreting poliomyelitis virus. 

The association of Coxsackie viruses with aseptic menin- 
gitis in Great Britain has already been noted (Tobin, 1953). 
More recently the role of ECHO Type 9 virus has been 
repeatedly shown. This virus was first isolated in England in 
1954 from a group of young children in east London (Craw- 
ford, Macrae & O’Reilly, 1956; Boissard et al. 1957). The 
children suffered from a mild febrile illness with an associated 
maculo-papular rash, and showed changes in the cerebro- 
spinal fluid. The disease was not recognized in older siblings. 
The presence of neutralizing antibody against this virus in 
y-globulin which had been prepared from pools of adult 
human serum suggested that it was not a new-comer. In 1955 
outbreaks of aseptic meningitis due to this virus occurred in 
East Anglia (Garnett, Burlingham & van Zwannenberg, 1957). 
There was a maculo-papular rash in some of the patients, 
particularly in children. The virus was isolated from the 
cerebrospinal fluids, throat washings and faeces of patients. 
In 1956 there were wide-spread outbreaks of aseptic menin- 
gitis with an associated rash in many areas of the country 
(Tyrrell & Snell, 1956; Boissard et al. 1957; Rotem, 1957; 
McLean & Cameron, 1957; Galpine, Clayton, Ardley & 
Baster, 1958; Jamieson, Kerr & Sommerville, 1958; Stones, 
1958). Also in this year ECHO Type 9 virus was widely 
prevalent throughout Europe (Nihoul & Quersin-Thiry, 1957; 
Johnsson, 1957) and in Canada (Sultanian & Rhodes, 1958). 
Since then the virus has almost disappeared from Europe but 
has reappeared in the United States of America, in which 
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country it was first isolated in 1953 (Sabin, Krumbiegel & 
Wigand, 1958). In outbreaks due to ECHO Type 9 virus most 
members of infected families have become ill, although the 
severity of illness has varied and relatively few have developed 
aseptic meningitis. 

No other type of ECHO virus has yet been found respon- 
sible for causing large outbreaks of aseptic meningitis in 
Great Britain, although this has occurred in other European 
countries (Johnsson, 1957) and in the United States (Karzon, 
Barron, Winkelstein & Cohen, 1956; Lehan, Chick, Doto, 
Chin, Heeren & Furcolow, 1957; Sabin, 1958). Types 4 and 6 
ECHO virus have been incriminated. An accompanying rash 
has been observed with ECHO Type 4 virus infection in 
Sweden. 


5. Diarrhoea 


The possibility of enteroviruses being responsible for acute 
summer diarrhoea in young children has been intensively 
investigated (Ramos-Alvarez & Sabin, 1958). In a controlled 
study it was found that, although the frequency of excretion 
of poliomyelitis and Coxsackie viruses was similar in groups 
of children with and without diarrhoea, a considerably higher 
proportion of those with diarrhoea were excreting ECHO 
viruses of a number of different serological types. Pathogenic 
types of Escherichia coli were also found frequently, sometimes 
in addition to a virus. When this was so the diarrhoea tended 
to be more severe. The conclusion reached was that summer 
diarrhoeal disease was a consequence of transitory infections 
with a variety of enteroviruses, pathogenic bacteria or both. 
Support for an ECHO virus aetiology in acute diarrhoea of 
infants has come from Eichenwald, Ababio, Arky & Hartman 
(1958), who reported the isolation of Type 18 virus and the 
development of increased antibody titres against this virus in 
two related outbreaks in hospital. 

The frequency of isolation of enteroviruses from children 
with diarrhoea is likely to vary, depending on the time of year 
when investigations are done. In a series of 30 children with 
diarrhoea studied in the first quarter of the year, no entero- 











viruses or pathogenic bacteria were isolated (British Medical 
Journal, 1958). Over a period of one year Sommerville (1958) 
has investigated for enteroviruses 338 children less than five 
years old admitted to hospital with diarrhoea and 115 children 
of similar age and social background admitted with respira- 
tory illness. Most of the children with diarrhoea and all of 
those with respiratory illness were admitted during the winter 
period from September onwards. Enteroviruses were excreted 
by 75 children with diarrhoea and by 17 with respiratory 
illness. The poliomyelitis and Coxsackie virus isolation rates 
were the same in both groups, but ECHO viruses were ex- 
creted more than twice as often by those with diarrhoea. 
Although several types of ECHO virus were being excreted, 
ECHO Type 7 virus was found most frequently. Pathogenic 
types of bacteria were present in 123 children with diarrhoea, 
being associated with an enterovirus in 23 instances. These 
studies again point to a relationship between ECHO viruses 
and diarrhoea in children. Other investigations (Rosen, 
Johnson, Huebner & Bell, 1958; Philipson, 1958) have 
associated ECHO viruses with outbreaks of upper respiratory 
infection in children (see p. 222 of this Bulletin). 


c. Myocarditis 
Severe and often fatal myocarditis in new-born infants of 
mothers suffering from infections with Group B Coxsackie 
viruses has been reported from South Africa (see Gear, 1958), 
Holland (Verlinde, van Tongeren & Kret, 1956) and the 
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United States (Kibrick & Benirschke, 1956). In a number of 
instances the causative virus has been isolated directly from 
heart muscle obtained at autopsy. The susceptibility of new- 
born infants to these viruses appears to resemble that of new- 
born mice. Evidence that Coxsackie viruses may cause 
myocarditis or pericarditis in older children or adults has been 
reported (Fletcher & Brennan, 1957, 1958; Movitt, Lennette, 
Mangum, Berk & Bowman, 1958; Hosier & Newton, 1958) 
but, particularly for adults, has still to be clearly established. 


3. Summary 


Recent information on the enteroviruses, which include the 
poliomyelitis, Coxsackie and ECHO groups of viruses, has 
been reviewed with particular emphasis on the ECHO viruses. 

Knowledge of the properties of these viruses, their relation- 
ships to each other and to other similar viruses not of human 
origin, is still incomplete. Virus isolation by tissue-culture 
methods or by inoculation of new-born mice is not difficult, 
but their complete identification by serological means is 
burdensome. 

Their role as aetiological agents of disease is still being 
unfolded. Apart from paralytic poliomyelitis, this has been 
clearly established in illnesses such as aseptic meningitis, 
herpangina, epidemic pleurodynia and myocarditis of the 
new-born, and to a less extent in diarrhoeal and respiratory 
infections. 
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Before influenza had been shown to be a virus disease which 
could be studied experimentally in the laboratory, it had been 
defined on clinical and epidemiological grounds. For centuries 
influenza epidemics have been recorded in Europe, America 
and Asia and the disease was known to spread rapidly through 
the populations of entire countries at periodic intervals. Yet 
the reasons for these epidemic and pandemic recrudescences 
remained obscure, and clinical differentiation of influenza 
from the common endemic respiratory diseases was poorly 
effected in the absence of laboratory assistance. The contri- 
bution made by virus research to the many problems posed 
by this disease has been an outstanding one, and twenty-five 
years of study cannot readily be summarized in a short paper. 


1. The Influenza Viruses 


The first tentative atterrpts to interpret epidemics in terms 
of their causative viruses began in London in 1933 when Smith, 
Andrewes & Laidlaw recovered the first strain of human 
influenza virus by the inoculation of ferrets intranasally with 
human garglings. For some years studies were largely con- 
ducted by a handful of workers in a few different countries 
upon the epidemics which they encountered. The range of 
clinical phenomena due to the virus of influenza was uncovered 
and the importance of bacterial complications was realized. 
Then in 1940 a second influenza virus called influenza B, in 
order to distinguish it from the earlier known virus A, was 
recovered in New York by Francis and Magill independently 
(Francis, 1940; Magill, 1940). The ability to recover and to 
identify the strains of viruses responsible for influenza was 
greatly increased by Burnet’s technique of cultivation in the 
fertile hen’s egg, described in 1940, and an increasing number 
of epidemics was studied in the period before 1947. Yet 
obscurity still remained concerning the mode of spread of 
influenza virus, and the many antigenic types of the viruses 
which were found caused increasing confusion. 

International collaboration really began in 1947 when the 
World Health Organization established a chain of reference 
laboratories in many parts of the globe. Viruses recovered 
from different countries were typed and their antigens were 
compared in central reference laboratories. The virological 
background to many different epidemics slowly began to 


emerge. This international programme began at a time when 
the current influenza A viruses were identified and were widely 
known as the A-prime (A’) family. The epidemics encountered 
from 1948 to 1956 were sometimes localized and sometimes 
wide spread, yet none reached the magnitude of a pandemic 
such as that experienced in the years before the influenza 
viruses were known. 

In 1957, however, a new antigenic sub-group of influenza A 
known as the Asian virus appeared in China and an epidemic 
of influenza broke out which spread from place to place and 
continent to continent until the whole world had experienced 
its attack. Laboratories studying the pandemic in many 
countries found viruses identical serologically with each other 
yet antigenically distinct from any of the viruses recovered 
before this outbreak. Thus the Asian influenza epidemic filled 
a gap in former knowledge and associated the influenza virus 
with the historically known pandemic form of influenza as 
well as with the localized outbreak in a school, a village or a 
single country. The value of international collaboration was 
thus abundantly demonstrated. 

The status of the virus known as influenza C, described by 
Taylor (1949), remains obscure; it apparently causes sporadic 
respiratory disease. Yet another agent, the Sendai virus 
(Kuroya, Ishida & Shiratori, 1953) has been referred to as 
influenza D.' Its properties, however, differ from those of 
true influenza viruses, as described in the paper by Andrewes 
in this number of the Bulletin (p. 221). Neither of these viruses 
has a relationship to epidemic influenza in any way similar to 
that of the A or B viruses. 


2. Influenza Virus Variation and the Origin of Epidemics 


Influenza B virus was differentiated because its “‘soluble” 
complement-fixing (CF) antigen found in infected tissues and 
separated from the virus particles by centrifugation was found 
to be quite distinct from that of influenza A. Yet all members 
of the A group and all of the B group share their respective 
soluble CF antigens. The antigens associated with the virus 
particles themselves and demonstrated either by haemagglu- 
tination or by complement fixation are, however, diverse in 
nature and are classified into certain sub-groups or families 
each composed of many minor varieties. The A group of 
viruses is now known to contain at least three such families of 
human viruses, as well as the swine influenza virus of Shope, 
first recovered in 1931, and certain viruses recovered from 
fowls, ducks and horses with respiratory disease. The B group 
appears to be less heterogeneous and only two sub-groups 
readily distinguished antigenically from the first or Lee 
family recovered in 1940 have since been found. 

Both the human influenza A and B virus families have 
appeared in nature at well-defined chronological intervals so 
that only one family of each type has been dominant in the 
world at a particular time. But the relatively large antigenic 
change that is encountered as a family has appeared and 
replaced its predecessor has been unexpected. The first well- 
documented emergence of a new family was that occurring in 
1946. This was the influenza A’ sub-group known as Al to 
distinguish it from the former A group current from 1936 to 
1943. It underwent minor antigenic variation during the next 
ten years and was still giving rise to localized outbreaks early 
in 1957 when the Asian or A2 virus family first appeared. 


1 It has been proposed that this virus should be called para-influenza 1 (see 
p. 221 of this Bulletin).—Ep. 
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This virus was recovered in February 1957 and it spread 
rapidly from China to all parts of the world in the succeeding 
six months. It can be expected that the A2 virus will replace 
the Al family but that minor antigenic variation from the 
original strain will be encountered during the next few years. 

There are therefore large and small variations in the anti- 
genic constitution of the influenza A and B viruses, and these 
are mirrored to some extent in the serum antibody patterns 
found in the human population. These antibodies wax and 
wane in titre during and after each clinical or subclinical 
infection. Davenport, Hennessy & Francis (1953) first showed 
that the antibodies present at any particular age bore a 
relationship to the antigens of the influenza viruses known to 
be dominant during the years of infancy and childhood of the 
respective persons. They suggested that the primary infection 
by the virus conditions the subsequent response to reinfections 
so that the major component in the serum even late in life 
is still orientated towards the antigen of the first virus infec- 
tion. When a virus A family ceases to be prevalent in the 
world, those born subsequent to this date show either no 
antibody or low levels of antibody to the antigens of this 
particular family. The chronological succession of virus 
families can therefore be detected by the antibody structure of 
successive age-groups of the population. This finding has 
been confirmed and it seems probable that the antibodies 
present in the human population exert an influence on the 
viruses which are propagated and cause infections in partially- 
immune hosts. The phenomenon of antigenic variation caused 
by multiplication of virus in the presence of tissues bathed in 
serum antibodies has been observed in the laboratory. It 
causes the emergence of new antigenic variants in a manner 
perhaps analogous to the appearance of antibiotic-resistance 
in bacteria cultivated in the presence of an antibiotic. It could 
perhaps account for the minor antigenic variations noted 
within a particular family from one epidemic to the next. 

The large deviations in virus antigenic structure have, how- 
ever, always appeared when epidemic passage of the virus in 
the human herd is at a low ebb and cannot readily be explained 
by antibody selection. If they arise by true genetic variation, it 
is odd that antigenic breaks do not occur during the course of 
an epidemic. For instance, in spite of the millions of persons 
affected by the Asian virus and the tremendous multiplication 
of the virus which must have occurred, the virus antigen 
remained perfectly stable throughout 1957. An alternative 
view is that these extremely divergent variants arise from 
virus reservoirs located either in human or animal hosts. 
Certain animals—notably pigs, ducks, fowls and horses— 
have myxoviruses of their own. But the viruses found in these 
animals are antigenically distinct, so far as the particle antigen 
is concerned, from known human strains. Moreover, no 
unusual epizootic has ever been observed before a human 
epidemic or pandemic such as would suggest that the virus 
had leapt from an animal to a human host. The virus resident 
in pigs in the Middle West of the USA has been shown to 
persist between epizootics in a masked form in larval pig 
lungworms which constitute a reservoir of virus in the soil. 
No similar parasite exists in man, and no clues have been 
obtained concerning any latent human infection. Thus the 
attractive theory that the pandemic influenza virus is derived 
from a reservoir of infection is still unsubstantiated. 

It has already been stated that the antibodies formed in 
infancy are continually being reinforced throughout life by 
repeated reinfection. The present finding of high levels of 
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antibody to the American swine influenza virus in the sera of 
persons over 35 years of age, and of absent or low levels of 
similar antibody in younger persons (Francis, Davenport & 
Hennessy, 1953), has been held to confirm the suggestion of 
Laidlaw (1935) that the 1918 pandemic was due to this or a 
similar virus. Again when Mulder (1957) found that antibody 
to the Asian virus could be demonstrated in sera collected 
before the epidemic only in persons over the age of 70, he 
suggested that the 1890 pandemic was caused by a virus 
containing an antigen similar to the Asian virus. There are 
some divergences of opinion on this point because Mulder & 
Masurel (1958) and Clarke, Heath, Sutton & Stuart-Harris 
(1958) found that antibody to the Asian virus was present 
in post-immunization sera in a low proportion of instances 
before the epidemic. The fact is that the exact interpretation 
of the human antibody spectrum is in doubt, but the hypo- 
thesis that the old persons of the population who have survived 
since the 1890 pandemic contain a serum anlage of the 
epidemic is a fascinating concept. 

To summarize the significance of virus antigens in regard 
to epidemics, it is clear first of all that antigenic variation is in 
part “‘directed” by the antibodies in the human population. 
Those variants least readily neutralized by the antibodies 
present at any particular time are most likely to survive and 
become successful pathogens. Large antigenic breaks are 
more likely than are small ones to permit the virus to conquer 
the population’s resistance, and the almost total lack of anti- 
bodies to the Asian virus in the population in 1957 was pro- 
bably helpful to the virus in its spread. There is still no exact 
knowledge concerning the survival of virus between epidemics, 
but chains of infection and sporadic cases are detected when- 
ever intensive search is made. It is quite probable that sea- 
sonal epidemics arise by a resurgence of infection from within 
a population, though some may develop as a result of spread 
from without. Pandemics probably originate from variant 
viruses which emerge from a single focus and spread widely 
by the medium of human contact. Ships play a major role in 
the dissemination of infection from one area to another, but 
all forms of transport are probably concerned. Droplet 
infection from clinical or subclinical cases of infection 
furnishes the ultimate medium of transfer. 


3. Attack-Rates and Mortality from Influenza 


In contrast with the knowledge of the occurrence of 
epidemics in most countries at two or more years’ interval, 
the precise morbidity during each epidemic is poorly docu- 
mented. Most authorities rely upon mortality statistics to 
reveal the existence of epidemics, but these give little informa- 
tion about the intensity of infection, for attack-rates and 
mortality are not readily correlated. Throughout history 
influenza has been regarded as a disease with a low mortality, 
and the more intense the incidence, the lower has often been 
the observed death-rate except in the case of the major 
pandemics. Even, however, in the 1890 and 1918 pandemics 
the first waves of infection had the highest attack-rates, yet the 
second and third waves had higher death-rates than those of 
the first waves. As there is no precise knowledge concerning 
the causative viruses of these pandemics, it is not possible to 
give the reason for this clearly. If the later waves were caused 
by the same strain of pandemic virus, then the latter’s viru- 
lence must in some way have become enhanced after the first 
wave. This is the view held by many authorities because of the 
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lesser attack-rate during the second wave in those affected 
clinically during the first wave, compared with those who 
apparently escaped infection. 

Francis (1953) considers that the peak attack-rate of 
influenza was in children aged 5-9 both in the 1918 and in 
more recent epidemics. He emphasizes that when mortality 
is viewed in relation to morbidity the excessive mortality 
in adults aged 20-40, which was a notable phenomenon of the 
1918 pandemic, appears less striking. It was the relatively 
low morbidity from pneumonia in 1918 in those aged 40 and 
over which led in these to a lesser total mortality from 
influenza even though the case-fatality rate was in fact high. 

The Asian pandemic has caused all these earlier experiences 
to be re-examined. The world has now experienced its first 
wave of infection by this virus family. Will the second or later 
epidemics repeat the experience of the first wave or will there 
be a more lethal pandemic? This is a question for the future. 
At present all that can be said is that the first Asian epidemic 
of 1957 everywhere caused a high attack-rate but a low 
mortality. Its attack-rate varied from 20% to 40% in different 
countries, but its precise incidence varied in different popula- 
tion groups. Children everywhere suffered severely, and 
though the age-group 5-10 probably had the highest rate of 
clinical infections, English residential schools with scholars 
aged 13-18 experienced explosive epidemics affecting 60% or 
more of those at risk. One reason for the very high attack- 
rates observed on ships and in barracks and schools is that 
crowding assisted the speed of infection. This may also be the 
reason why in Singapore, which was affected early in the 
course of the epidemic, Asian persons suffered much more 
heavily than the Europeans (Lim, Smith, Hale & Glass, 1957). 
In European communities such as the Netherlands, camps of 
displaced persons had a higher attack-rate than those living 
in their own homes. In England, practitioners also noted the 
relative paucity of infection in those aged 40 and over in the 
population. Yet, though this was certainly true for the first 
phase of the epidemic in September and October 1957, there 
was a minor recrudescence of the disease in December 1957 
and January 1958 thought to be the result of the spread of the 
disease among older persons. 

The case-fatality rate from Asian influenza was everywhere 
low, and deaths were predominantly among persons with 
pre-existing chronic diseases. Nevertheless even in Britain, 
where it was estimated that several million persons were 
attacked, an excess mortality of about 16,000 deaths was 
attributed to the epidemic. During the first month of the 
epidemic, these deaths were distributed in almost equal 
numbers in those aged less than 55 and in those aged 55 or 
more. This was in striking contrast to the previous influenza 
epidemics of the years from 1951 onwards, in which 80% of 
the deaths were in those aged 55 or more. However, during 
the second and later months of the Asian epidemic, more and 
more of the deaths occurred in older persons, and the over-all 
figure showed that 72% of the mortality in the great towns, 
certified as being due to influenza, occurred in persons aged 
55 and over. Thus the Asian influenza in Britain, like its 
predecessors, produced its highest case-fatality rate in the 
oldest segment of the population. 


4. Clinical Features of Influenza 


The clinical picture of the majority of cases of influenza 
occurring either during pandemics or in localized outbreaks 


is remarkably uniform. The disease is a short pyrexial illness 
averaging three days from onset to termination and occurring 
after an incubation period of two or more days. The onset is 
likely to be sudden but may be insidious, and headache, 
malaise, shiveriness and aches and pains in the limbs usher in 
the attack. Respiratory tract symptoms are invariable but 
they vary in their severity. Cough, which is very constant, is 
most often dry and unproductive though sometimes accom- 
panied by substernal soreness. Sputum is, however, raised 
by as many as 20% of affected adults and is more abundant in 
those with pre-existing chest or heart disease. It consists first 
of pellets of mucus but later is mucopurulent or even blood- 
tinged. Sore throat is complained of by about one-third of 
patients, but the appearance of the throat shows a posterior 
nasopharyngitis, and the tonsils though reddened do not 
develop an exudate. The nose is congested and blocked. 
Some patients sneeze and exhibit nasal discharge or epistaxis, 
and lachrymation is often an accompaniment. After three or 
more days the patient at any age is usually afebrile, though 
weak. The voice may be hoarse and toneless. Most adult 
patients require 7-10 days from the onset of illness before 
they can be considered fit to resume work. Even then they 
are readily fatigued and depressed; but such sequelae are not 
present in younger adults and children. 

Attention is naturally directed to the possibility of chest 
complications. Abnormal signs in the chest, such as patches 
of rales or rhonchi suggesting localized bronchitis and bron- 
chiolitis or generalized bronchitis, occur in about 20% of 
affected adults. The incidence is probably less in children. 
In a lesser number of adults and particularly in those with 
pre-existing chest disease, pneumonia accompanied by radio- 
logical evidence of consolidation develops either pari passu 
with the influenza or subsequently. When it sets in during the 
post-influenzal period, pneumonia is frequently due to the 
pneumococcus and it differs from ordinary lobar or broncho- 
pneumonia chiefly in that the patient is more cyanosed and 
dyspnoeic. But it responds to antibiotic treatment in the 
same way aS pneumonia occurring apart altogether from 
influenza. 

The form of pneumonia which develops within a few days or 
even a few hours of the onset of influenza is a much graver 
illness, and signs of circulatory collapse with tachycardia and 
low blood pressure occur. The prominent cyanosis, intense 
dyspnoea and delirium signify a graver prognosis than ordin- 
ary pneumococcal pneumonia, and many cases of this type 
yield Staphylococcus pyogenes in the sputum. The sputum in 
such cases may be frankly purulent or bloody. It may be 
coughed up with great difficulty because of the necrotic state 
of the bronchial and tracheal epithelium. In cases which do 
not respond to therapy with antibiotics death may occur 
within hours or only after several days of illness, and at 
autopsy the staphylococci usually exhibit resistance to the 
antibiotics even when the organism obtained on admission to 
hospital was sensitive to the same agent. 

The description given above applies equally to influenza B 
and influenza A. There is no systematic clinical variation 
paralleling the different antigenic variants. Thus Asian 
influenza presented few clinical surprises. Extensive studies 
of the mortality from Asian influenza in Britain (Public 
Health Laboratory Service, 1958) and in the Netherlands 
(Hers, Gosling, Masurel & Mulder, 1957) agree in attributing 
most deaths to staphylococcal pneumonia occurring in 
persons with chronic disease of the lung or heart. But as many 
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as 20% of lungs sampled at autopsy showed organisms not 
usually regarded as pathogenic, and a further 8% to 20% 
of lungs were sterile. The studies made in Leyden on 148 
lungs collected from all over Holland, and in all of which 
proof of influenza virus infection was obtained, constitute the 
most comprehensive investigation of its kind (Hers, Masurel 
& Mulder, 1958). Twenty per cent of these subjects showed 
only Asian influenza virus as a cause of the pneumonia and, 
though most had coexisting disorders such as mitral stenosis, 
coronary artery disease or chronic bronchitis and emphysema, 
a characteristic histological pattern was discerned which was 
similar to that described by MacCallum (1921) in influenzal 
pneumonia in 1918. Thus alveolar-cell exudate with capillary 
thrombosis and rupture is probably the ultimate result of the 
attack of influenza virus on the human lung. Fortunately it is 
ararity in terms of total incidence, but its existence emphasizes 
the potential pneumotropism of influenza virus in man as in 
experimental influenza in ferrets and mice. Even so, bacterial 
complications outweigh in number the lung lesions due to 
influenza virus alone, and the ability of the pathogenic bacteria 
of the nasopharyngeal tract to take advantage of even minor 
derangements of the respiratory tract due to influenza virus 
infection is the chief reason why even mild attacks ofinfluenza 
so readily lead to pneumonia. It is only the bacterial compli- 
cations of influenza for which chemotherapy is yet available. 

Asian influenza produced certain other clinical phenomena 
which caused concern. In children, often in those aged 5-10, 
an obstructive laryngotracheitis occurred at times, in which 
the airways were blocked by thick tenacious sputum. Trach- 
eotomy was often necessary in such cases. Various forms of 
influenzal or post-influenzal encephalopathy were also seen. 
Though influenza virus must play a role in the initiation of 
such neurological disease, the clinical picture was little 
different from other forms of post-infective demyelinating 
disease and it was not a common event. The role of influenza 
in producing disturbance of the circulatory system was 
chiefly confined to those with pre-existing cardiac disease. 
However, occasional cases of congestive heart failure were 
seen in those with severe pneumonia or tracheobronchitis and 
in these the toxic action of the virus on the myocardium may 
have been a causative factor. 


5. Immunization with Influenza Virus Vaccines 


There are two different approaches to the problem of 
immunization against influenza with virus vaccines. The first, 
which is based upon inactivated (formolized) virus injected 
into or beneath the skin, was first demonstrated to give 
protection against influenza by the USA Army Commission on 
Influenza (1944). Further experiences with it in the USA 
were summarized by Francis (1955), and British field trials 
were described by Stuart-Harris (1957). The trials carried out 
during 1957 demonstrated protection with formolized vaccines 
containing the Asian virus antigen (USA Army Commission 
on Influenza, 1957; Medical Research Council, 1958) and 
again emphasized the importance of matching the antigen 
Present in inactivated vaccine with that of the epidemic 
strain. 

Inactivated virus vaccines are prepared as a concentrate 
from the allantoic fluids of hens’ eggs infected by virus. 
They produce in those to whom it is given an antibody 
Tresponse which is little different in titre from that found in the 
serum after infection. Antibodies appear after a delay of 


about a week, rise to a peak between two and four weeks after 
a single subcutaneous dose of vaccine and then slowly wane 
during the succeeding 12 months (Medical Research Council, 
1955). A more prolonged and quantitatively greater response 
occurs with vaccines contained as a water-in-oil emulsion 
(Salk, Bailey & Laurent, 1952). The adjuvant effect permits 
economy in the amount of virus incorporated in the vaccine, 
but the peak in antibodies is delayed until two to three 
months after inoculation. General and local reactions are 
relatively trivial after administration of inactivated vaccines 
in saline, and immediate reactions are not seen after emulsified 
vaccine. A very small proportion of those receiving the latter 
preparation develop chemical abscesses (Medical Research 
Council, 1955). 

The degree of protection found in field trials of inactivated 
vaccines has varied from 30% to 60% or more. It does not 
become evident until the antibody response has developed 
and its duration is still unknown. A vaccine made from a 
single strain of virus A produces a complex antibody response 
with a recall of antibodies formed as a result of previous 
infection. The serum antibodies, which differ qualitatively in 
persons of different ages, therefore become enhanced in titre 
as a result of the inoculation with monovalent vaccine 
(Davenport & Hennessy, 1957). The Asian virus antigen is, 
however, only remotely related to previous virus A families 
and it was found in 1957 that a single dose of vaccine given 
before the epidemic produced a relatively poor antibody 
response. Two doses of vaccine given three to four weeks 
apart produced a better effect than a single dose, but after 
infection had occurred a single dose of vaccine again produced 
the usual booster response (Holland, Isaacs, Clarke & Heath, 
1958). 

There is no evidence that inactivated vaccine produces 
protection in any way other than by the production of anti- 
bodies and it is therefore necessary to vary the composition 
of vaccine in order to keep in step with the natural variation 
of the viruses causing epidemics. Some authorities therefore 
prefer to use a polyvalent vaccine and advise the incorporation 
of strains representative of virus families which are no longer 
circulating in nature. The full implications of the Asian virus 
family on immunization will not be known for some years, but 
future epidemic experiences will require careful surveillance 
in order that a possible return of other A viruses or emergence 
of a new family may be detected as soon as possible. 

Influenza B virus vaccines have not been subjected to as 
detailed a study as those of virus A, but their effect and use are 
broadly similar to vaccines made from the latter. 

The second method of immunization depends upon intra- 
nasal inoculation with living attenuated influenza virus. It 
was first used in Australia by Burnet (1943) and Mawson & 
Swan (1943). Successful protection was not obtained, for the 
egg-cultivated virus failed to infect or to produce antibodies 
with any regularity. In the USSR a different method of 
attenuation has been developed by Smorodintsev, Zhdanov, 
Soloviev and Sokolov. The virus strain is selected for its 
power to infect the nose and it is cultivated in human embry- 
onic tissue culture before transfer to the egg for a single 
passage. Russian authors (Smorodintsev & Zhdanov, 1957; 
Smorodintsev, 1957) have shown that the virus is attenuated 
in virulence though it produces sharp reactions in children 
under seven years of age. Protection has been obtained in the 
face of an outbreak, which is the very time when inactivated 
virus vaccine is least helpful because of its lack of immediate 
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effect. In England, Isaacs, Negroni & Tyrrell (1957) have 
confirmed that the Russian live vaccine will multiply in the 
nose after intranasal inoculation but found that antibodies 
do not necessarily appear. The mode of action of the vaccine 
therefore remains unknown. 
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Minor respiratory infections afflict most of us twice a year, or 
more; they represent a major cause of loss of working time in 
industry. Many workers are attempting to separate definite 
entities from what is a confused mass of tiresome and hard-to- 
diagnose infections; and in this endeavour some progress 
seems at last to be visible. 

The common cold is still the commonest of these infections 
and here there is no great progress to be recorded since the 
subject was reviewed in this Bulletin (Andrewes, 1953). There 
now appear to be two schools of thought. One school, led by 
R. J. Huebner and his colleagues in the USA, has been highly 
successful in cultivating a number of “new” viruses from 
respiratory infections in young children. They have shown 
that these viruses can be held accountable for a considerable 
number of the colds, coughs and croups of children in a Wash- 
ington orphanage. They seem inclined to favour the view that 
these new viruses may also cause a large part of the ‘common 
cold” complex in adults (cf. review by Huebner, Rowe & 
Chanock, 1958). Another group of workers, those at the 
Common Cold Research Unit at Salisbury, regards the com- 
mon cold as consisting for the most part of an entity, caused 
by one or several members of a group of related viruses 
which have not been satisfactorily grown in the laboratory; 
studies of the new viruses have not convinced them that any 
of these is likely to cause an appreciable number of the 
commonest kinds of common cold. We will first consider the 
respiratory viruses which have been cultivated and try to 
assess their importance. 


1. Para-Influenza Viruses 


Several of the “‘new”’ viruses to be considered fall into the 
group of myxoviruses, the viruses of the influenza-mumps-— 
Newcastle disease (NDV) group (Andrewes, Bang & Burnet, 
1955). These resemble each other in size, susceptibility to 
ether, ability to multiply in the amniotic cavity of developing 
hen-eggs, ability to agglutinate mammalian or avian erythro- 
cytes, presence of a viral receptor-destroying enzyme and in 
other properties. The viruses described as Sendai, croup- 
associated (CA), haemadsorption 1 (HA1) and haemadsorp- 
tion 2 (HA2) seem to form, with mumps and Newcastle disease 
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of fowls, a sub-group of myxoviruses. They differ from the 
true influenza viruses (A, B and C) in their rather larger size, 
and an aptitude to lyse as well as agglutinate erythrocytes; for 
none of them as yet have filamentous forms been demon- 
strated. The HA2 virus seems to be closely related to the 
Sendai virus, first described from Japan, and may have to be 
considered as a strain thereof. It has been proposed by the 
Virus Subcommittee of the International Nomenclature Com- 
mittee that the new viruses should be called para-influenza 
1, 2 and 3. Sendai virus (including HA2) is para-influenza 1; 
CA is para-influenza 2; and HAI is para-influenza 3 
(Andrewes, Bang, Chanock & Zhdanov, 1959). 

i. Para-influenza 1. This comprises Sendai (i.e., haemagglu- 
tinating virus of Japan or influenza D). The role of Sendai 
virus as a cause of human disease is obscure. It has been 
claimed by Japanese workers to lead to pneumonitis in new- 
born children (Kuroya, Ishida & Shiratori, 1953) and pneu- 
monia in pigs (Sasahara, Hayashi, Kumagai, Yamamoto, 
Hirasawa, Munehata, Okinawa & Kato, 1954); recovery of 
the virus has also been reported from influenza-like illnesses in 
the USSR (Gerngross, 1957; Zhdanov, Ritova & Golygina, 
1957). The virus is, however, undoubtedly endemic amongst 
laboratory mice in China and Japan and most of the virus 
isolations have been in mice, so the evidence requires critical 
examination. Though typical virus has not been isolated 
from the USA or Britain, antibodies to the virus are present 
in human sera from those countries. Further, in Britain, a 
rise in antibody titres to the virus was noted to occur during 
infection in 6 of 41 patients in a hospital for the chronically 
sick and infirm (White, Gardner & Hope Simpson, 1957). 
Similar findings were reported by Grist & Sommerville (1957) 
and Sommerville & Carson (1957). Rises in antihaemagglu- 
tinins to the virus have been reported to occur in mumps; 
this fact was at first thought to account for the findings with 
human sera (Gardner, 1957). Now, however, it seems likely 
that the responsible agent may equally well be the virus 
described by Chanock, Parrott, Cook, Andrews, Bell, 
Reichelderfer, Kapikian, Mastrota & Huebner (1958) as 
haemadsorption virus 2. 

The HA2 strain was recovered by Chanock ef al. (1958) 
from three children suffering from croup; the authors took 
throat swabs from the patients, and infected tissue cultures of 
monkey kidney. Presence of the virus was detected by the 
haemadsorption test, i.e., the clumping of added guinea-pig 
red cells on the surfaces of the cells infected in tissue culture. 
Experimental infection of adults with primary cultures 
produced respiratory symptoms in 24 of 32. Four had fever, 
the rest a variety of minor symptoms, including rhinorrhoea. 
The incubation period was 5-6 days and there was evidence 
of spread by contact. In Denmark, Petersen & von Magnus 
(1958) isolated a virus (Cop 222) from a child with an in- 
fluenza-like illness; this virus appears to be identical with 
HA2 (Sutton, Clarke & Tyrrell, 1959). At the Common Cold 
Research Unit at Salisbury, a fifth subculture in monkey 
kidney tissue culture produced a few not quite typical colds 
when given in very large doses. A 1 in 100 dilution of culture 
caused none in any of six volunteers. However, with first and 
second serial cultures, small doses did give rise to colds. 

It seems then that the Far Eastern strain of para-influenza 1 
virus (Sendai) is endemic in laboratory mice and very probably 
pathogenic for pigs and man also; and that the North Ameri- 
can and Danish strains can definitely cause minor respiratory 
disease in man, particularly in children. 
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ii. Para-influenza 2, This virus was called CA (croup- 
associated) by Chanock (1956). It was independently de- 
scribed by Beale and his colleagues as the virus of acute 
laryngotracheobronchitis of children (Morgan, Turner, 
Rhodes, Peach, Zaiman & Duncan, 1956; Beale, McLeod, 
Stackiw & Rhodes, 1958). This infection is often called 
“croup” in North America. The virus has been isolated from 
the respiratory tracts of numerous patients in the USA and 
Canada, and an antibody rise against it has been observed 
during convalescence. The virus can be cultivated in HeLa 
cells, cultures of human embryo lung, human amnion and 
monkey kidney. Cytopathic effects are produced and the 
changes include production of syncytial masses and spongy 
appearances. The virus causes agglutination of erythrocytes 
of new-born chick, and to a lesser extent, human red cells, at 
4° C. Though its behaviour places it in the myxovirus 
group, the haemagglutination is peculiar in that elution of 
virus from red cells occurs when they are warmed to 37° C., 
and the cells then readily disperse, only to re-agglutinate 
when returned to 4° C. There is some serological relation 
between this virus and that of mumps, since convalescent 
mumps antisera, also antisera prepared against mumps in 
animals, inhibit CA haemagglutinins. Presence of antibody 
to the virus in adult human sera suggests that infection with 
the virus is wide spread. 

iii. Para-influenza 3. This, the HA1 virus of Chanock et al. 
(1958) has also been cultivated in monkey kidney tissue 
cultures, and, as with HA2, presence of the virus is recognized 
by the haemadsorption technique. After further tissue- 
culture passage it leads to cytopathic effects, and tissue- 
culture fluids cause agglutination of guinea-pig and fowl 
cells in conventional tests. Two of seven of the original 
strains grew in amniotic cavities of embryonated eggs. A 
minor serological relation exists, as shown by complement 
fixation, between this virus and those of para-influenza 1 and 
mumps. The virus was isolated from a number of children 
with febrile respiratory illness by Chanock and his colleagues 
and from a much lower percentage of other children. 
Transmission of the virus to adult volunteers yielded equivocal 
results (Huebner, personal communication). The virus has 
been recovered from outbreaks amongst children in Sheffield 
by Sutton et al. (1959). A fifth subculture of this strain was 
given to four volunteers at the Salisbury unit: three of them 
developed colds after the usual short incubation period. This 
virus, then, has good claims to be concerned in febrile 
respiratory illnesses at least in children. 

The relationship of the para-influenza viruses to colds in 
adults will remain in doubt until we know whether they can 
be isolated from such infections: at present this has not been 
reported. 


2. ECHO Viruses 


Members of one group of enteroviruses (the ECHO group 
—enteric, cytopathogenic, human, orphan) are transiently 
present in intestinal tracts of many children; they may cause 
intestinal upsets, and some types may cause outbreaks of 
aseptic meningitis with or without a rash (see paper by 
Macrae, p. 210 of this Bulletin). Some ECHO viruses have 
been thought, also, to cause respiratory infections in children. 

i. ECHO 10. Sabin (personal communication) recovered a 
virus from chimpanzees with “colds” and reproduced the 
condition by inoculating the apes with cultures of the virus. 
It proved to be closely related to ECHO 10 from human 


sources; this virus is larger than the other ECHO viruses and 
probably does not naturally belong in the same group.’ 

ii. ECHO 11. Philipson & Wesslen (1958) isolated from 
children with croup a virus (U virus) which, as subsequently 
appeared, was serologically very like ECHO 11. Philipson 
inoculated seven volunteers with virus which had undergone 
three passages in human embryo tissue culture. Four of them 
developed mild respiratory symptoms, with antibody rises to 
the virus. Dr Philipson subsequently brought this virus to the 
Common Cold Research Unit at Salisbury, where nine 
volunteers were inoculated (Buckland, Bynoe, Philipson & 
Tyrrell, 1959). None of the volunteers developed colds but, 
in no less than 8, other symptoms appeared: pyrexia (in 3), 
headache (2), malaise (3), sore throat (3), abdominal disten- 
sion (3), abdominal discomfort or pain (3), diarrhoea (3), 
constipation followed by diarrhoea (1), aching limbs (1). 
The clinical symptoms were thus not at all like those of 
common colds. An interesting point is that the same virus 
after ten passages in monkey-kidney cultures produced 
virtually no symptoms in any of eight volunteers. 

iiii ECHO 20. Cramblett, Rosen, Parrott, Bell, Huebner 
& McCullough (1958) recovered a virus (JV1—now classified 
as ECHO 20) from throats and anal swabs of six infants with 
fever, coryza and copious watery stools; the children’s sera 
showed antibody rises to the virus. This virus also was tested 
at the Salisbury unit; a third subculture in monkey-kidney 
tissue was given to two volunteers; neither had symptoms but 
virus was recovered from both. Swabs from the original 
infected patient were used to infect four volunteers; three of 
the four developed symptoms about 24 hours after inoculation. 
One had fever, sore throat and coryza, another sore throat and 
intestinal disturbance, the third had fever and very slight 
co . 
iv. JHI and 2060 viruses. The viruses described by Price 
(1956) and by Mogabgab & Pelon (1957) may also turn out to 
belong in the ECHO group. They are cultivable in monkey 
kidney tissue cultures with some difficulty, at least on first 
isolation and particularly in the presence of serum. The 
cytopathic effect of JH may be delayed for as much as 25 days. 
This means that on serial propagation in monkey-kidney 
cultures, there is every opportunity for picking up one or other 
of the many simian viruses which turn up all too frequently. 
Cultures in various laboratories which are ostensibly 2060 
and JH may represent either agent or neither. It appears 
(personal communications from Drs Price and Mogabgab) 
that the two agents are similar—antigenically related but not 
identical. JH was recovered from respiratory infections, 
some of them febrile, in adults and children (Price, 1956); 
and virus 2060 from similar illness in recruits (Mogabgab & 
Pelon, 1957). Since the JH virus attained some notoriety 
in the USA as a “common cold virus”, it was tested at 
Salisbury quite extensively (Tyrrell & Bynoe, 1958). The 
results were hard to interpret. On first inoculation into 
volunteers, virus at tenth monkey-kidney passage produced no 
colds in any of 16 subjects. From nasal washings of two of 
them virus was recovered. One of these washings was inocu- 
lated into ten subjects, and virus was recovered later from five; 
two of these had definite symptoms of a cold. Again in a 
further passage a cold developed in one subject but no virus 
was recovered. No relationship was detected between pro- 
duction of a cold and the existence of antibodies to JH virus 


1 Sabin has recently proposed that viruses relating to ECHO 10 should be called 
Reo viruses. 
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before the inoculation (Tyrrell & Bynoe, 1958; Andrewes, 
1958). 

Two possible interpretations of these results must be 
considered: the JH virus may have lost pathogenicity for man 
on propagation in monkey tissues and have regained it by 
human passage—the two colds without virus being explained 
away on the basis of an insensitive technique: alternatively, 
during passage in the human noses, we may have picked up 
a “wild” cold virus which was carried along together with 
JH. The claim of JH virus to cause colds in adults rests, 
therefore, on no secure foundation. The best evidence that it 
causes respiratory illness in small children depends on the 
results of a trial of a vaccine (Price, 1957). 


3. Miscellaneous Viruses 


i. Coe virus. This virus was isolated by Lennette, Fox, 
Schmidt & Culver (1958) from four patients with minor 
respiratory illness. It was cultivable in embryo rabbit kidney 
as well as in HeLa and other cells of human origin and had a 
low pathogenicity for suckling mice; no haemagglutinins 
were demonstrable. Information is still inadequate to permit 
its classification. 

ii. Respiratory syncytial virus (chimpanzee coryza agent). 
Morris, Blount & Savage (1956) described a virus causing 
coryza in chimpanzees; this was distinct from the ECHO 10 
referred to earlier. Similar viruses were isolated from the 
lower respiratory tracts of two children suffering from 
bronchopneumonia and croup respectively (Chanock, Roiz- 
man & Myers, 1957). Serological evidence indicated that 
infection of infants in an orphanage was frequent and often 
inapparent. Whether the virus caused the two more serious 
lower respiratory infections is not certain. This virus pro- 
duces, in cultures of several primate tissues, large syncytial 
masses. The agent differs from ECHO viruses and adeno- 
viruses in its sensitivity to ether. Its size range is from 90 my 
to 130 my. It has not been cultivated in eggs nor shown to 
agglutinate any erythrocytes; so it cannot be a myxovirus. 

iii. Virus of atypical pneumonia. Cases of ‘‘ primary atypical 
pneumonia” may or may not show during the course of the 
illness a rise in titre of “‘cold agglutinins”, i.e., antibodies 
which agglutinate human red cells in the cold. It is certain 
that the diagnosis “atypical pneumonia” covers a number of 
conditions, including psittacosis and Q fever. It now appears 
likely that many cases without cold agglutinins are due to 
adenovirus infection (see H. G. Pereira’s paper, p. 225 of this 
Bulletin). Eaton, Meiklejohn & van Herick (1944) have 
described a virus apparently associated with the “cold 
agglutinin” type of the disease. This seemed to multiply in 
fertile eggs inoculated amniotically. Changes in the chick- 
embryos were indefinite, but material from infected embryos 
was thought to cause pneumonia in intranasally inoculated 
cotton-rats and hamsters, though this was not transmissible 
in series. Other workers had difficulty in reproducing the 
results largely because cotton-rats and hamsters are subject to 
pneumonia due to activation of their own latent viruses. 
The significance of Eaton’s virus remained for several years 
unproved. Recently Liu & Heyl (1957) have re-examined the 
matter and shown by means of the fluorescent antibody 
technique the presence of virus in the cells lining the bron- 
chioles and air sacs of infected chick-embryos. The way is 
thus open to evaluate the importance of Eaton’s virus. It is 
generally believed that the agent of primary atypical pneu- 
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monia commonly causes minor symptoms and only infre- 
quently an actual pneumonitis; we do not know how far this 
view is based only on experience with the pneumonias due to 
adenoviruses. 

iv. Adenoviruses will not be discussed further here; the 
reader is referred to the paper by Pereira, p. 225 of this 
Bulletin. 


4. **Common Cold Virus”’ 


The numerous viruses I have discussed undoubtedly cause 
some of the minor respiratory ailments which afflict us. In 
my view none of them is responsible for the very commonest 
kind of cold, such as most people have twice a year or more. 
Work carried out at the research unit at Salisbury has defined 
the clinical picture which has been reproduced with some 
regularity in studies carried out during the past 13 years, in- 
volving more than 6,000 volunteers. There have been descrip- 
tions of the method of carrying out rigidly controlled trials 
on isolated persons and of avoiding all bias in interpreting 
experimental findings (Andrewes, 1950, 1953). Roden (1958) 
has analysed the clinical findings in typical colds at the Salis- 
bury unit. From his analysis it is clear that increase in nasal 
discharge is much the most important symptom, but this is 
correlated with the presence of other symptoms such as sore 
throat (particularly frequent at the onset) and cough (com- 
monly a late symptom). The experimental colds were nor- 
mally afebrile. 

The incubation period of a cold is normally two or three 
days. One line of cold virus under study at Salisbury had a 
longer incubation, about four days; this bred true when pro- 
pagated through volunteers in series. No virus could be grown 
in tissue culture; so it was probably distinct from the colds of 
long incubation that were produced by Chanock et al. (1958) 
with HA2 virus. 

i. Attempted cultivation of common cold virus. In 1953 it was 
reported that a common cold virus had been propagated 
through ten cultures in series of human embryonic lung, colds 
being reproduced by materials from the fourth, sixth, seventh, 
ninth and tenth cultures in the series (Andrewes, Chaproniere, 
Gompels, Pereira & Roden, 1953). Cultures later than the 
tenth produced no colds and it may be assumed that either 
the virus was then lost or had become so attenuated on culti- 
vation that it could no longer produce colds. No cytopathic 
or other changes in the cultures were detected; the apparently 
successful cultivation was thus at best only a first step towards 
finding a laboratory technique for recognizing the presence 
of the virus. From 1953 to 1957 attempts to reproduce these 
results at the Salisbury unit were unsuccessful, though the 
possibly determining factors were varied in many ways. Only 
occasionally were colds produced, but tests were almost all of 
material from fourth or subsequent serial passages. In 1958 
the culture technique was changed in several ways: human 
embryonic kidney was routinely used instead of lung, tryp- 
sinized cell suspensions were used, cultivation was carried out 
at 33° C. instead of 37° C., and horse serum was omitted from 
media, the final suspending medium being Parker’s 199 only. 
With two strains of virus (HGP and PK) significant numbers 
of colds were produced with first and second serial cultures 
(Worthington, Bynoe & Tyrrell, personal communication). 
In most trials, negative controls consisting of uninoculated 
media or cultures in calf kidney were run concurrently with 
tests of cultures in human kidney. The negative outcome of 
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these tests with control material makes it rather improbable 
that the positive results with the other cultures can be 
explained on the basis of mere survival of the originally 
inoculated virus; the tests do not, however, conclusively prove 
multiplication. With fourth serial cultures the picture is very 
different, only one cold being produced in 29 inoculated 
persons. Such a result might readily lead to the conclusion 
that virus had been lost, or almost so. It must, however, be 
considered in relation to the suggestive results with the HA2, 
ECHO 20 and JH viruses which can, unlike the PK and 
HGP strains, produce cytopathic effects. Their continued 
propagation can thus be shown even in remote subcultures, 
though at that stage they seem doubtfully able to produce 
symptoms on inoculation into man. Intensive study of the 
cold cultures may perhaps show that a similar state of affairs 
is to be found in this instance also. 

ii. Common cold virus: one or many? Several discordant 
results suggest that not all agents causing colds have the same 
properties. (i) As already mentioned, one strain of colds was 
encountered at Salisbury, having a rather longer incubation 
period than have most strains. Jackson, Dowling, Spiesman 
& Boand (1958) encountered a similar strain. (ii) Some early 
experiments suggested that “‘the virus” was readily inacti- 
vated by ether. A more recent test with another strain indi- 
cated that that one was ether resistant. (iii) Evidence as to 
cross-immunity between cold virus strains is conflicting. It 
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CAAUNRWN 


Adenoviruses were first described independently by Rowe, 
Huebner, Gilmore, Parrott & Ward (1953) in tissue cultures 
of human adenoids undergoing spontaneous degeneration 
and by Hilleman & Werner (1954) in association with acute 
respiratory illness in military populations. These initial 
investigations were soon confirmed and extended by many 
workers, and the importance of adenoviruses in the aetio- 
logy of a variety of human infections, especially among 
recruits, is firmly established. 

Considerable interest has been focused on the study of 
physical and biological properties of adenoviruses, some of 
which make these agents particularly favourable for the 
investigation of virus-host interactions and virus multi- 
plication. Comprehensive reviews of the already extensive 
literature on laboratory, clinical and epidemiological studies 
on adenoviruses have recently been published (Hilleman, 
1957b; Huebner, Bell & Rowe, 1957; Huebner, Rowe & 
Chanock, 1958). 

Criteria for the inclusion of new viruses in the adenovirus 
group have been proposed by Rowe, Huebner, Hartley, Ward 
& Parrott (1955); and 23 serological types, including 18 of 
human and 5 of simian origin, have so far been identified 
(Rowe, Hartley & Huebner, 1958). The main characteristics 
of adenoviruses include ether resistance, ability to multiply 
and cause typical cytopathic effects in cultures of human cells, 
production of a “‘soluble” complement-fixing (CF) antigen, 
common to the whole group, and lack of pathogenicity for 
laboratory animals. 


1. Prevalence and Pathogenicity 


The wide-spread occurrence of adenoviruses in human 
populations has been demonstrated throughout the world 
by serological surveys and by the isolation of these agents 
from a high proportion of human tonsils and adenoids 
(Huebner, Rowe, Ward, Parrott & Bell, 1954; Zaiman, Bal- 
ducci & Tyrrell, 1955; Dreizin, 1957; Nasz, Toth & Lengyel, 
1958). The different adenovirus types can be grouped ac- 
cording to aetiological association with particular infections. 
Types 1, 2 and 5 are mainly associated with sporadic in- 
fections (Andrews & McDonald, 1957; Kjellén, Sterner & 


Svedmyr, 1957; Jordan, Badger & Dingle, 1958) and are the 
types most commonly found latent in human adenoids and 
tonsils (Rowe et al. 1955; Andrews & McDonald, 1957; 
Evans, 1958a). Adenovirus Types 3, 4, 7, 7a and 14 are more 
often found in association with outbreaks of acute respiratory 
infections (Hilleman, Werner & Stewart, 1955; Bell, Rowe, 
Engler, Parrott & Huebner, 1955; Kendall, Riddle, Tuck, 
Rodan, Andrews & McDonald, 1957; Tyrrell, Balducci & 
Zaiman, 1956; van der Veen & Kok, 1957). Apart from these 
two virus groups, adenovirus Type 8 is associated with epi- 
demic kerato-conjunctivitis (Jawetz, Kimura, Nicholas, 
Thygeson & Hanna, 1955; Sommerville, 1958; Bennett, Law, 
Hamilton & Macdonald, 1957). The remaining types have 
been isolated on too few occasions for their relationship with 
disease in man to be established. Adenovirus Types 1, 2 and 
5 can be further distinguished from Types 3, 4 and 7 by 
several other properties, including growth curve characteristics 
(Ginsberg, 1958), type of cytopathic effect (Barski, 1956; 
Boyer, Leuchtenberger & Ginsberg, 1957), behaviour in 
serum-neutralization tests (Ginsberg, 1956) and ability to 
multiply in cultures of different human and animal tissues 
(Rowe et al. 1955). 

Adenoviruses are often associated with respiratory syn- 
dromes (see review by Huebner et al. 1958), including febrile 
catarrh or acute respiratory disease (Hilleman, Werner, 
Dascomb & Butler, 1955; Ginsberg, Gold, Jordan, Katz, 
Badger & Dingle, 1955; Tyrrell et al. 1956), febrile pharyn- 
gitis, often accompanied by conjunctivitis (Bell et al. 1955; 
Forssell, Lapinleimu, Strandstrom & Oker-Blom, 1956; 
Kendall et al. 1957; van der Veen & van der Ploeg, 1958), 
atypical pneumonia (Hilleman & Werner, 1954; Berge, 
England, Mauris, Shuey & Lennette, 1955), and severe 
infantile pneumonia (Chany, Lépine, Lelong, Le-Tan-Vinh, 
Satgé & Virat, 1958). The name “pharyngo-conjunctival 
fever’? was proposed by Bell et al. (1955) to describe 
adenovirus infections characterized mainly by febrile pharyn- 
gitis and conjunctivitis. This syndrome has been observed in 
outbreaks of infection caused mainly by adenovirus Type 3. 
Several other adenovirus types have, in addition, been found 
in association with sporadic cases of follicular conjunctivitis 
(Beale, Doane & Ormsby, 1957; Kimura, Hanna, Nicholas, 
Thygeson & Jawetz, 1957; Murray, Chang, Bell, Tarizzo & 
Snyder, 1957). 

Adenoviruses have been isolated from human mesenteric 
lymph nodes (Kjellén, Sterner & Svedmyr, 1957) and are 
frequently found in human stools (van der Veen & van der 
Ploeg, 1958; Barr, Kjellén & Svedmyr, 1958), but their as- 
sociation with enteric infections has not been definitely 
established. 

The human pathogenicity of adenoviruses has been con- 
firmed by studies on volunteers, which established the as- 
sociation of adenoviruses with acute pharyngitis (Roden, 
Pereira & Chaproniere, 1956), pharyngo-conjunctival fever 
(Ward, Huebner, Rowe, Ryan & Bell, 1955) and epidemic 
kerato-conjunctivitis (Mitsui, Hanabusa, Minoda & Ogata, 
1957). The importance of the route of viral entry on the 
outcome of infection was demonstrated in studies on volun- 
teers by Ward et al. (1955). It was also shown by Hilleman, 
Hodges, Warfield & Anderson (1957) that the intramuscular 
administration of live adenovirus to volunteers was followed 
by acute respiratory illness. 

The epidemiological importance of adenoviruses is parti- 
cularly evident among military recruit populations (Hilleman, 
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1957a) where infections by adenovirus Types 4, 7, 7a and 
14 may account for a high proportion of respiratory infec- 
tions (Hilleman, Gauld, Butler, Stallones, Hedberg, War- 
field & Anderson, 1957; McDonald, Wilson, Thorburn, 
Holland & Andrews, 1958; Sohier, 1956; van der Veen & 
Kok, 1957). In civilian populations, family or institutional 
outbreaks of pharyngitis or pharyngo-conjunctival fever are 
most commonly caused by adenovirus Type 3 (Parrott, Rowe, 
Huebner, Bernton & McCullough, 1954; Kjellén, Zetterberg 
& Svedmyr, 1957; Munro-Ashman, Gardner, Taylor & 
McDonald, 1958), but similar outbreaks caused by adenovi- 
rus Types 7, 7a, and 14 have also been described (Tyrrell et al. 
1956; Pereira & Kelly, 1957c; Kendall et al. 1957). Sporadic 
infections by several adenovirus types have been frequently 
reported, but it is generally agreed that only a small proportion 
of acute respiratory infections in civilian populations are 
caused by adenoviruses (Jordan, 1957; Stovin, 1958; Evans, 
1958b). 

Differences in ability to cause persistent latent infections in 
human tonsils and adenoids may provide an explanation for 
the varying epidemiological importance of adenoviruses 
belonging to different types. Occasional virus excretion by 
subjects latently infected with adenovirus Types 1, 2 and 5 
would be responsible for the wide-spread immunity to these 
types in all age-groups. The same situation would not arise 
in the case of adenovirus Types 3, 4 and 7, where latent in- 
fections are infrequent and have mainly been observed during 
or shortly after outbreaks of disease caused by the same virus 
types (Rowe & Huebner, 1956; Pereira & Kelly, 1957c). 

Control of adenovirus infections has been achieved by the 
use of polyvalent vaccines containing formalin-inactivated 
adenovirus Types 4 and 7 (Hilleman, Stallones, Gauld, 
Warfield & Anderson, 1956) or Types 3, 4 and 7 (Bell, Hant- 
over, Huebner & Loosli, 1956). A high efficacy of these 
vaccines in protecting military recruits against acute respira- 
tory infections was demonstrated in a number of clinical 
trials (see review by Hilleman, 1957b). Indications for the 
use of adenovirus vaccines are restricted to military recruits as 
it is generally accepted that vaccination would not signifi- 
cantly reduce the incidence of respiratory illness in the general 
population (Grayston, Lashof, Loosli & Johnston, 1958). 


2. Host Range 


Adenoviruses are non-pathogenic for a variety of common 
laboratory animals (Hilleman & Werner, 1954; Rowe et al. 
1955). Latent infections of rabbits by adenovirus have, 
however, been demonstrated (Pereira & Kelly, 1957b) by the 
persistence of virus in rabbit spleens for periods of up to 
two months after intravenous inoculation with adenovirus 
Type 5. As in the case of human tonsils and adenoids, virus 
could be demonstrated in rabbit spleens after in-vitro cultiva- 
tion of the infected tissue but not by the direct inoculation of 
tissue suspensions into susceptible cultures. Evidence sug- 
gesting that other laboratory animals may be susceptible to 
adenovirus infections is provided by the marked antibody 
responses observed in guinea-pigs, cotton-rats and hamsters 
inoculated with a single virus dose (Rowe et al. 1955; Gins- 
berg, 1956) and also by the occasional presence of adenovirus 
antibodies in sera of uninoculated guinea-pigs (Rowe, 
Huebner & Bell, 1957). 

Adenoviruses of human origin are readily propagated in 
cultures of human tissues and in continuous lines of human 


cells, causing typical cytopathic effects. Cell lines differ in 
susceptibility to the action of adenoviruses (Grayston, 
McCarthy, Smith & Loosli, 1958), and evidence of virus 
activity occurs earlier and more markedly in epithelial than 
in fibroblastic cells (Balducci, Zaiman & Tyrrell, 1956). In 
contrast with other human cells, ciliated respiratory epithelium 
has been shown to resist the action of adenoviruses in vitro 
(Barski, Kourilsky & Cornefert, 1957). Multiplication of 
adenoviruses in cultures of animal tissues has been studied by 
several workers. The majority of virus types investigated 
cause typical cytopathic effects in cultures of rabbit kidney 
(Rowe et al. 1955; Balducci et al. 1956), monkey kidney 
(Hartley, Huebner & Rowe, 1956), pig kidney (Guerin & 
Guerin, 1957) and bovine embryonic tissues (Warren & 
Cutchins, 1957). The cytopathic effect of adenoviruses in 
non-human tissues is not always correlated with virus multi- 
plication. Serial propagation of Types 3, 4 and 7 in monkey- 
kidney tissues is achieved only after a process of adaptation 
involving the use of concentrated virus inocula (Hartley et al. 
1956; Hilleman, Warfield, Anderson & Werner, 1957). 
Types 1, 2, 5 and 6, on the other hand, can be more readily 
propagated in cultures of non-human tissues (Rowe et al. 
1955) where virus multiplication is not necessarily accom- 
panied by detectable cytopathic effect (Kelly & Pereira, 1957). 

Adenoviruses isolated from rhesus or cynomolgus monkeys 
are more readily propagated in monkey-kidney tissue than 
in human cells. A strain isolated from chimpanzees, however, 
grows equally well in cultures of monkey kidney and human 
cells (Rowe, Hartley & Huebner, 1958). 


3. Virus Multiplication 


Several studies on the multiplication of adenoviruses in 
HeLa-cell cultures (Ginsberg, 1958; Jawetz, Hanna, Nicholas 
& Hoyt, 1958; Fukumi, Nishikawa & Ejima, 1957) suggest 
differences in growth characteristics according to virus type. 
The technical requirements for the study of single growth 
cycles have not always been met and the reported differences 
in virus behaviour may be explained, at least in part, by 
variations in experimental conditions. “‘One-step” growth 
curves of adenovirus Type 5 in HeLa cells (Pereira, Allison 
& Balfour, 1959), under conditions ensuring the infection of 
all—or nearly all—cells at the start of the experiment, re- 
vealed that virus multiplication is preceded by a latent 
period lasting approximately 12 hours, during which the virus 
apparently goes into an eclipse phase. This is followed by an 
eight-hour period of rapid increase in cell-associated virus 
infectivity, which rises exponentially with a doubling time of 
appreximately 35 minutes. Virus multiplication then pro- 
gresses at a slower rate, and maximal infectivity levels are 
reached at about 30 hours. Liberation of infective virus 
from the cells is slow and incomplete, as in the case of other 
adenovirus types (Ginsberg, 1958; Jawetz et al. 1958). An 
average yield of 500 infective doses (ID;») per cell was estima- 
ted from our results. This corresponds to an average yield of 
about 50,000 virus particles per cell (Pereira & Valentine, 
1958). Lower yields ranging from 0.1 to 30 IDso per cell 
were reported by Ginsberg (1958) for adenovirus Types 
1-4. The discrepancy in these results is probably due to 
differences in sensitivity of infectivity titrations. 

The site of virus multiplication has been shown to be 
intranuclear by electron-microscopical (Morgan, Howe, Rose 
& Moore, 1956; Harford, Hamlin, Parker & van Ravenswaay, 


Brit. med. Bull. \7 





-_ -— 


er S- ws we Me 


= 


ee eT 


- & 


—=™ OPO —- De FF = Bw ew SM ee 


te SOO Ff 


ADENOVIRUSES _§H. G. Pereira 


1956; Lagermalm, Kjellén, Thorsson & Svedmyr, 1957), 
cytochemical (Boyer et al. 1957; Armstrong & Hopper, 1959) 
and cyto-immunological methods (Boyer, Denny & Ginsberg, 
1959; Pereira, Allison & Balfour, 1959). Appearance and 
accumulation of intranuclear virus material is correlated 
with production of infective virus, but synthesis of at least 
a part of the intranuclear antigenic material revealed by the 
fluorescent antibody technique precedes the formation of 
fully infective virus. Intracytoplasmic virus particles and 
antigenic material can be detected by electron microscopy 
and by the fluorescent antibody technique during the later 
stages of infection. Cellular fractionation studies reported by 
Denny & Ginsberg (1959) suggest that, in cells infected with 
adenovirus Type 4, infectivity is localized predominantly in 
the cytoplasmic fraction. This finding is not easily interpreted 
and it is suggested that the relatively lower infectivity as- 
sociated with the nuclear fraction may be due either to in- 
completeness or, more likely, to aggregation of the intra- 
nuclear virus particles. The mechanism by which adenoviruses 
are liberated from infected cells remains to be established. 


4. Cytopathic Action 


Susceptible cells inoculated with adenoviruses show typical 
cytopathic effects characterized by an early clumping and 
rounding of the cells followed by nuclear alterations best 
seen in stained preparations. The early cytopathic effect is 
due to a protein factor which can be separated from the virus 
particles (Pereira, 1958; Everett & Ginsberg, 1958). The 
cytopathic action of this factor is not accompanied by altera- 
tions in cellular viability or multiplication rate. It is non- 
progressive, and reversible by specific antisera or by removal 
of the inoculum from the cultures. The early cytopathic 
factor is sensitive to trypsin digestion and relatively resistant 
to heat and ultra-violet irradiation. It is probably responsible 
for the “toxic” action of inactivated virus preparations 
(Pereira & Kelly, 1957a; Levy, Rowe, Snellbaker & Hartley, 
1957; Boyer et al. 1957) and identical with the cell-detaching 
factor described by Rowe, Hartley, Roizman & Levy (1958). 

The “‘late” cytopathic effect of adenoviruses is charac- 
terized mainly by nuclear alterations. The factor responsible 
for this effect is resistant to trypsin digestion and rela- 
tively sensitive to heat and ultra-violet irradiation, and its 
action is progressive and irreversible. 

The characteristic cytological alterations caused by different 
virus types have suggested to some workers (Barski, 1956; 
Boyer et al. 1957) a possible distinction between two groups 
of adenoviruses, the first consisting of Types 1, 2, 5 and 6 
and the second of Types 3, 4 and probably 7. Viruses of the 
first group cause marked cellular clumping and nuclear 
changes characterized by the formation of discrete eosino- 
philic inclusions and clusters of Feulgen-positive granules; 
these changes are followed by nuclear enlargement, intense 
intranuclear vesiculation and formation of very irregular 
inclusions. The main cytological alteration caused by viruses 
of the second group consists of the formation of a central 
nuclear inclusion surrounded by a clear zone often contain- 
ing angular bodies resembling crystals (Leuchtenberger & 
Boyer, 1957). It should be pointed out that the distinction 
between adenovirus types by the character of the cytopathic 
effect is not always clear, as the features characterizing each 
of the virus groups are often seen together and type differentia- 
tion has to be based on the over-all aspect of the cultures. It 


should also be mentioned that cellular lesions caused by 
adenoviruses vary in appearance according to the method of 
fixation employed (Armstrong & Hopper, 1959). 

Multiplication of adenoviruses in susceptible cultures is 
accompanied by a progressive reduction and eventual arrest 
of cellular reproduction as shown by mitotic and total cell 
counts (Boyer et al. 1957; Pereira, 1958; Pereira, Allison & 
Balfour, 1959). Infected cultures show in addition marked 
metabolic alterations manifested by increased oxygen con- 
sumption and accumulation of organic acids with consequent 
lowering of pH (Fisher & Ginsberg, 1957). The multiplication 
of adenoviruses in HeLa cells is associated with increased 
uptake of **P from labelled phosphate or glycine, starting 
two hours after infection and persisting until completion of 
the cytopathic effect (Levy et al. 1957). 


5. Infectivity 


The cytopathic effect provides the basis for most of the 
techniques used for infectivity titrations of adenoviruses. The 
time of appearance of this effect varies with the amount of 
virus inoculated and, within certain limits, there is a linear 
relationship between logarithm of virus concentration and 
time of onset of cytopathic effect (Kjellén, 1956). This 
relationship has been used for rapid and accurate estimations of 
virus infectivity, but its parameters vary according to the 
virus type and tissue-culture system employed, and these 
factors have to be considered when the method is used in 
comparative studies. It should also be noted that the re- 
lationship between virus dose and time of cytopathic effect 
breaks down when large virus inocula are used, especially 
when the material under test contains a high ratio of early 
cytopathic factor to infective virus (Pereira, 1958). 

The methods more commonly used for adenovirus in- 
fectivity titrations are based on the proportions of cultures 
showing cytopathic effect at a given time after inoculation 
with varying virus dilutions. The results of this procedure 
vary with the cell system employed, with the composition of 
the culture medium and with the time of incubation of test 
cultures (Grayston, Loosli, Smith, McCarthy & Johnston, 
1958). This last factor greatly affects the sensitivity of titra- 
tions and it is perhaps surprising that, though mentioned in 
the first description of adenoviruses (Rowe et al. 1953), its 
importance has not been generally considered. Maximum 
sensitivity may be reached only after 20-28 days’ incubation 
or after blind passages of test cultures. 

The infective property of adenovirus preparations is as- 
sociated with uniform particles detected by electron micro- 
scopy (Hilleman, Tousimis & Werner, 1955). The number of 
such particles corresponding to one infective dose (IDs) 
has been determined by performing infectivity titrations and 
electron-microscopic spray counts on partially purified pre- 
parations of adenovirus Type 5 (Pereira & Valentine, 1958). 
The mean number of particles per IDs_ varied between ten 
and 100 when infectivity titrations were read after 27 days’ 
incubation. These values are similar to those obtained for 
other animal viruses (Isaacs, 1957) and indicate a relatively 
high sensitivity of HeLa cells to the infective action of 
adenoviruses. 

A study of dose-response relationships in infectivity 
titrations of adenovirus Type 5 (Pereira & Kelly, 1957a) gave 
curves closely agreeing in slope with the first term of the 
Poisson distribution, suggesting that infectivity is initiated by 
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the independent action of single virus units. Titrations read 
at nine and 20 days’ incubation differed in end-point but 
not in slope, indicating that initiation of infection by single 
virus units occurs at both end-points, irrespective of the 
sensitivity of the titration system. The fact that, even with the 
most sensitive method of titration, 10-100 particles are re- 
quired to initiate infection may be interpreted more usefully 
in terms of the probability of fruitful virus interactions 
(Isaacs, 1957) than by postulating that only a proportion of 
virus particles are viable. 


6. The Virus Particle 


Uniform particles associated with the infective property 
of adenoviruses have been demonstrated by electron micro- 
scopy in virus concentrates prepared from tissue-culture 
materials (Hilleman, Tousimis & Werner, 1955; Tousimis & 
Hilleman, 1957). Similar particles are also found in ultra- 
thin sections of infected cells (Kjellén, Lagermalm, Svedmyr 
& Thorsson, 1955; Morgan et al. 1956; Harford et al. 1956). 
The particles seen in shadowed preparations of concentrated 
virus materials are approximately spherical, with a diameter of 
about 70 my. Particles of the same diameter but with de- 
pressed centres and presumed to correspond to incomplete 
virus have also been observed (Hilleman, Tousimis & Werner, 
1955). The outline of adenovirus particles was shown to be 
hexagonal (Valentine & Hopper, 1957; Tousimis & Hille- 
man, 1957), indicating that the particles have a symmetrical 
polyhedral shape corresponding either to a rhombic dode- 
cahedron or to an icosahedron. The configuration and ex- 
ternal structure of adenovirus particles were recently eluci- 
dated in a most elegant way by Horne, Brenner, Waterson 
& Wildy (1959) using an electron-microscopic “‘negative- 
staining’’ technique consisting of the spraying of virus sus- 
pensions treated with phosphotungstic acid directly on to 
microscope grids. It was demonstrated by this method that 
the adenovirus particle is a regular icosahedron with 252 
surface units measuring each 70 A in diameter (Plate V, A, B). 

The intranuclear adenovirus particles are often arranged in 
crystalline structures forming a cubic body-centred lattice 
with a centre-to-centre spacing of 60-65 mu (Low & Pinnock, 
1956). Thevirus crystals are strongly Feulgen-positive (Bloch, 
Morgan, Godman, Howe & Rose, 1957), which suggests that 
the virus contains deoxyribonucleic acid (DNA). Presence of 
DNA in intranuclear inclusions of adenovirus-infected cells 
was also demonstrated by Armstrong & Hopper (1959) using 
acridine orange as a histochemical stain. 

A dense central body measuring 20-40 my in diameter 
has been observed in adenovirus particles seen in ultra-thin 
sections (Morgan et al. 1956) and in virus suspensions (Tousi- 
mis & Hilleman, 1957; Valentine, 1960). Evidence suggesting 
that the virus nucleic acid is concentrated in this central body 
and surrounded by the virus protein was obtained by Val- 
entine (1960) on the basis of differential “‘electron staining” 
with phosphotungstic acid and uranium salts (Plate V, C). 

Measurements of the diameter of adenovirus particles by 
filtration and centrifugation gave values ranging from 80 to 
120 my (Hilleman, Tousimis & Werner, 1955). The higher 
values are derived from centrifugation experiments and are 
based on calculations in which the density of the virus particles 
is assumed to be 1.104 g./cm.*. A closer agreement between 
virus diameters determined by centrifugation and by elec- 
tron microscopy would be obtained by adopting the density 
of 1.4 g./cm.* suggested by Valentine (1960). 


7. Non-Infectious Virus Materials 


Multiplication of adenoviruses in susceptible cells is ac. 
companied by the formation of several virus materials which 
can be separated from the infectious particles. These ma- 
terials can be detected either by serological methods or by 
their effects on cultivated cells. Association of these non- 
infectious products with virus multiplication is indicated by 
their specific serological reactions and by their absence in 
materials from uninfected cultures. Particles measuring 
approximately 15 my in diameter have been detected in 
electron micrographs of adenovirus preparations (Tousimis 
& Hilleman, 1957; Valentine, 1960) and tentatively correlated 
with non-infectious virus material. 

Adenovirus Type 5 preparations contain at least three non- 
infectious virus materials which can be clearly separated from 
each other by immuno-electrophoresis (Pereira, Allison & 
Farthing, 1959). One of these materials is sensitive to proteo- 
lytic enzymes and corresponds to the protein factor responsible 
for the early cytopathic effect (Pereira, 1958; Everett & Gins- 
berg, 1958) and possibly also to the cell-detaching factor 
described by Rowe, Hartley, Roizman & Levy (1958). The 
nature of the other two materials remains to be determined. 

It has not so far been possible to establish whether the 
non-infectious products represent virus precursors or break- 
down materials, nor what relation they bear to the crystalline 
protein observed by Morgan, Godman, Rose, Howe & Huang 
(1957) in cells infected with adenovirus. 


8. Antigenic Properties 


Adenovirus antigens can be studied by a variety of methods. 
The results obtained vary in specificity according to technique 
and to origin of sera and antigens under test. 

Serum-neutralization tests performed with rabbit antisera 
give, on the whole, type-specific results which are generally 
used for the identification of adenovirus types. The virus 
types are clearly differentiated by this method, and cross- 
reactions between different types are rare. A virus strain 
cross-reacting by serum neutralization with adenovirus Types 
3 and 7 was recently described by Matumoto, Ushida & 
Hoshika (1958). Strains belonging to most adenovirus types 
show uniform behaviour in serum-neutralization tests, except 
for Type 7 strains which have been divided into two sub-types 
(Rowe, Hartley & Huebner, 1958; Pereira & Kelly, 1957c). 

The specificity of serum-neutralization tests performed 
with human sera is variable. Apart from the homologous 
antibody rises generally observed to follow adenovirus in- 
fections, many patients show heterotypic responses which are 
not dependent on pre-existing antibodies (Huebner et al. 
1954; Roden et al. 1956; van der Veen & Kok, 1957; Wenner, 
Beran, Weston & Chin, 1957). 

The methods commonly used for neutralization tests are 
based on inhibition of the cytopathic effect of relatively 
large virus doses. Under these conditions, it is often im- 
possible to know whether the results are due to neutralization 
of virus infectivity or to inhibition of the early cytopathic 
factor. Specific inhibition of this factor by human and rabbit 
antisera has been reported (Pereira, 1958). Evidence sug- 
gesting a distinction between antibodies neutralizing adeno- 
virus infectivity and those inhibiting the cell-detaching factor 
was presented by Rowe, Hartley, Roizman & Levy (1958). 

Quantitative studies on the neutralization of adenovirus 
infectivity have been published by Ginsberg (1956), Kjellén 
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(1957) and Clarke & Tyrrell (1958). The methods so far 
available are not sufficiently accurate to provide information 
on the intimate mechanism of the reaction. 

The CF activity of adenoviruses is associated with soluble 
antigens which can be separated from the virus particles by 
centrifugation or filtration. The results of complement- 
fixation (CF) tests are usually group-specific, suggesting that 
a common antigen is shared by all adenovirus types. Tests 
performed with sera from immunized rabbits, however, give 
stronger reactions with homologous than with heterologous 
antigens (Rowe et al. 1955), and this finding was applied to 
the typing of adenoviruses by CF (Pereira, 1956; Binn, Hille- 
man, Rodriguez & Glabere, 1958). 

The nature of the antigen or antigens responsible for the CF 
activity of adenovirus preparations has not been determined. 
Studies by Rowe, Hartley, Roizman & Levy (1958) suggest 
that the CF antigen can be separated from the cell-detaching 
factor. CF activity was shown to be associated with at least 
two of three antigens present in adenovirus Type 5 prepara- 
tions (Pereira, Allison & Farthing, 1959). Concentrated sus- 
pensions of adenovirus particles were shown by Werner 
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PLATE V 


ADENOVIRUSES 
(FIGS. A—C) 
H. G. Pereira 


(page 225) 


A. “‘Negative-stain’’ preparation of adenovirus particle 
(Electron micrograph by Horne, Brenner, Waterson 

and Wildy, Cavendish Laboratory, Cambridge) 
(magnification ~ 650,000) 


B. Icosahedron model with 252 surface 
units 


(Model made by Horne, Brenner, 
Waterson and Wildy, Cavendish Labor- 
atory, Cambridge) 


C. Adenovirus particles “stained” with: 


a: phosphotungstic acid 
b: uranyl acetate 


Note differential ‘“‘staining’” of central body by 
uranyl acetate. 


(Electron micrographs by R. C. Valentine, 
National Institute for Medical Research, 
London) 

(magnification x 330,000) 





PLATE VI 


TRACHOMA AND INCLUSION CONJUNCTIVITIS 
(FIGS. A-F) 


L. H. Collier 


(page 231) 


Ac 


A. From a volunteer inoculated with trachoma strain G1 B. From a baboon inoculated with trachoma 


a: two initial bodies (above and below the nucleus) in a conjunctival epithelial cell strain Gt 
(Stain: Giemsa-May-Griinwald; magnification 1,000) Large elementary body type of inclusion in con- 
b: cytoplasmic inclusion in conjunctival epithelial cell junctival epithelial cell 
(Stain: iodine, to show glycogen matrix; magnification « 1,000 (Stain: Giemsa-May-Griinwald; magnification = 1,000) 
c: same field asin b. The inclusion is now seen to be composed of elementary bodies 
(Decolorized and re-stained with Giemsa-May-Griinwald) 
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(continued) 


C. Palladium-shadowed electron micrographs of trachoma 
elementary bodies 


oe? ae 


“ 


a: Chinese strain TE8 
(magnification 30,000) 


b: Gambian strain G1 
magnification 30,000) 


Gambian strain G1. Large flat form with latex 


sphere 0.26 u in diameter 
(magnification 30,000) 
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(continued) 


D. Trachoma strain G17 Eb 


Aggregate of virus staining densely with : , ; 
Castafieda, focus adjusted to show E. From a baboon inoculated with virus LB1 
elementary bodies overlying two vacuoles 


a: inclusion in conjunctival epithelial cell 
(magnification 1,160) 


(Stain: iodine; magnification x 1,000) 


b: same field as in fig. Ea 
(Decolorized and re-stained Giemsa-May-Griinwald) 


Fb 


F. Palladium-shadowed electron micrographs showing 
elementary bodies 


a: virus LB1 (magnification « 30,000) 


b: virus LB2 (magnification x 30,000) 
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VIROLOGY OF TRACHOMA, 

INCLUSION CONJUNCTIVITIS 
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Trachoma is almost never seen in Britain, and the syndromes 
caused by inclusion conjunctivitis virus, although occurring 
more frequently, are often unrecognized. Before discussing 
the virology of these diseases, I have therefore briefly sum- 
marized their clinical features, drawing attention to their 
similarities and differences. 


1. Clinical Features 
a. Trachoma 


Trachoma has been recognized as a clinical entity since 
ancient times. The word teéywyax means “roughness”, and 
refers to the characteristic follicular hypertrophy of the con- 
junctiva. In 1956, the Expert Committee of the World Health 
Organization defined the disease as 


. . a specific communicable keratoconjunctivitis, usually of 
chronic evolution, caused by an agent at present classified as 
Chlamydozoon trachomatis, characterized by the formation of 
follicles, papillary hyperplasia, and pannus, and typically leading 
to scar formation. 


There is little direct evidence of the mode of transmission, 
although it is probably by person-to-person contact. Fomites 
and insect vectors, such as flies, have not been excluded. 
Whatever the means of spread, trachoma is primarily a disease 
of impoverished communities living in bad hygienic conditions. 
It is enormously wide spread, especially in the Far East, India, 
Asia and Africa, and is the greatest single cause of blindness 
and impaired vision. 

In areas where trachoma is endemic, it is usually acquired 
in early childhood. Its evolution may vary considerably in 
different patients, and in different countries, and is partic- 
ularly influenced by the degree of secondary bacterial in- 
fection. Space permits no more than a summary of the most 
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characteristic features. Naturally occurring trachoma is 
usually of insidious onset, and the incubation period is diffi- 
cult to define. In experimental infections of human volunteers, 
the incubation period is 3—7 days, and the onset is acute. The 
first sign of infection is subepithelial infiltration of the tarsal 
conjunctiva and fornix, which spreads by extension to the 
bulbar conjunctiva. At this stage, the conjunctiva appears red 
and velvety, and may exude mucopus. Very shortly, sub- 
epithelial follicles can be seen on examination with the loupe 
or slit lamp, usually associated with papillary hypertrophy 
of the conjunctiva. Superficial keratitis is often an early 
feature. The follicles enlarge, and become visible to the naked 
eye, usually within a few weeks of onset. Infiltration of the 
upper limbus is now apparent and its advance across the 
cornea is followed by invasion with new blood vessels, or 
pannus. Limbal follicles often appear; on regression, they 
leave small depressions (“‘Herbert’s pits”) which are patho- 
gnomonic. Untreated, the process becomes chronic. Cicatriza- 
tion of the subepithelial tissues supervenes, often with de- 
formation of the tarsal plate, resulting in entropion, trichiasis, 
and further corneal damage. After a period of years, the 
disease runs its course and becomes quiescent, leaving a 
conjunctiva and cornea in which a greater or lesser degree of 
scarring is apparent. 

The characteristic inclusion bodies appear very early in the 
infection. They have been observed in large numbers during 
the incubation period of an experimental infection with the 
closely related virus of inclusion conjunctivitis (Thygeson, 
1934). Asthe disease progresses, they diminish in number, and 
it may be difficult or impossible to detect them in the later 
stages when scarring is prominent. 


b. Inclusion Conjunctivitis and Allied Diseases 


Trachoma virus is closely related to an agent causing in- 
clusion urethritis and cervicitis, inclusion blennorrhoea of 
the new-born, and inclusion conjunctivitis of adults. These 
syndromes are all characterized by epithelial cell inclusions 
morphologically indistinguishable from those of trachoma. 

The reservoir of infection appears to be the genito-urinary 
tract of both males and females, where spread is by venereal 
contact. In the male, the virus may almost certainly be present 
without causing symptoms, but can also give rise to subacute 
or chronic urethritis, first recognized by Lindner (1910b). 
Thygeson & Mengert (1936) studied a patient in whom the 
incubation period was seven days, and in whom the dis- 
charge persisted for seven months. This form of urethritis is 
comparatively uncommon; Siboulet (1955) found inclusions 
in only 3% of 2,756 cases of non-gonococcal urethritis. By 
inoculation of baboons, Thygeson & Stone (1942) detected 
virus in eight of 100 unselected patients with acute anterior 
urethritis. In six of these, gonococci were also present. The 
authors maintained that in the adult female the virus multi- 
plies in the transitional epithelium just within the external 
os uteri, usually without causing symptoms, They demon- 
strated virus in the vaginal epithelium of two children with 
acute vaginitis. 

From the cervix, virus is transmitted to the infant con- 
junctiva at birth, giving rise to acute abacterial blennorrhoea 
5-15 days later. This presents as purulent conjunctivitis, 
which is often severe. The acute phase lasts about three 
weeks before gradually subsiding and proceeding to spon- 
taneous cure after some months. Corneal lesions are never 
more than trivial, and scarring does not occur. Since the 
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conjunctiva is deficient in lymphoid tissue at birth, follicles 
are not seen in the early stages, but may develop after the 
second month (Allen, 1944). 

The adult form of inclusion conjunctivitis is often acquired 
in swimming-pools, probably because of contamination by 
infected urine and discharges. Thygeson & Stone (1942) 
describe instances of gynaecologists becoming infected after 
being splashed with discharge from the genital tract. Manual 
auto-infection from the genital tract also seems possible, but 
is very uncommon. The disease is an acute follicular con- 
junctivitis in which, by contrast with trachoma, the lower lid 
is more involved than the upper. It is usually said that 
pannus is never seen, and that keratitis, if it occurs, is always 
mild and transient. Nevertheless, Jones and Collier (un- 
published observations) studied several European patients in 
Britain in whom the differential diagnosis from trachoma on 
these grounds was difficult. Characteristically, the disease 
resolves without sequelae in a matter of months. Thygeson 
(1955) emphasizes the absence of necrotic changes in smears 
from expressed follicular material, maintaining that such 
changes are always present in trachoma. 


2. The Virus of Trachoma 


It is now over 50 years since Halberstaedter & von Prowazek 
(1907) made their classical observations on trachoma in Java. 
By direct transmission from man they succeeded in infecting 
orang-utans; in conjunctival scrapings from these animals 
and from human patients they noted the epithelial cell in- 
clusions with which their names are now associated. With 
great perspicacity these workers suggested that the inclusion 
bodies represent intracellular colonies of the causal agent. 
Although this interpretation met with much criticism, it is 
now generally accepted. Lindner (1909b, 1910a) described 
another form of inclusion, the “initial body”, which he re- 
garded as an early stage in the development of the mature 
“*Halberstaedter-Prowazek KoOrper’”’ (HPK). Although the 
stages in formation of a single inclusion body have not been 
observed sequentially, studies of experimental infections by 
Thygeson (1934) and others indicate that the following events 
take place. The first sign of cell infection is the appearance 
of a basophilic initial body about 0.3-0.8 » in diameter. This 
multiplies by fission within a vacuole in the cytoplasm. As 
the particles increase in number, they diminish in size, and 
tend to become acidophilic. The mature inclusion consists of 
a mass of elementary bodies, each about 0.25 » in diameter, 
mostly staining red with Giemsa. These are embedded in a 
matrix, shown by Rice (1936) and Thygeson (1938) to be 
composed largely of glycogen; the viruses of trachoma and 
inclusion conjunctivitis appear to differ from all others in this 
respect. At the final stage of development, the inclusion body 
may almost entirely replace the cytoplasm. It eventually 
ruptures, releasing free elementary bodies that are capable of 
initiating infection in other susceptible cells. Inclusions are 
strictly confined to the epithelial cells, and have never been 
observed in deeper structures. 

In 1912, Nicolle, Blaisot & Cuénod showed that the causal 
agent of trachoma passed a modified Berkefeld V filter. 
Thygeson & Proctor (1935) induced the experimental disease 
in baboons by inoculation with a bacteria-free filtrate that 
had traversed a collodion membrane of 0.75 uw average pore 
diameter. 

Although much research was done on the epidemiology 


and pathology of trachoma, experimental work was greatly 
hindered by the lack of a suitable animal host. In direct 
transmission experiments, only primates proved susceptible; 
however, the experimental disease differs from that in man, 
being a comparatively mild infection, which soon resolves 
spontaneously without corneal lesions or scarring; inclusions 
are scanty or absent except in the higher apes. Furthermore, 
observations are often confused by the occurrence in simian 
species of a non-specific conjunctival folliculosis. 


a. Isolation 


Research was further impeded by the fact that, until 
recently, all attempts to culture the virus in the laboratory 
yielded negative or equivocal results. In the foregoing issue 
of this Bulletin devoted to viruses, Bedson (1953), discussing 
claims to have isolated the agent of trachoma, expressed 
doubts about their eventual substantiation. In fact, none 
of the reports then mentioned was confirmed by a second 
laboratory. Nevertheless, more recent investigations have 
radically changed the status and future prospects of research 
on trachoma and inclusion conjunctivitis. In 1957, T’ang and 
his colleagues (T’ang, Chang, Huang & Wang, 1957) an- 
nounced from Peking the isolation of viruses from patients 
with trachoma. They treated conjunctival scrapings with 
streptomycin to inhibit bacterial contaminants, and inoculated 
them into the yolk sacs of embryonated eggs 6-8 days old. 
The three agents isolated resembled in morphology and stain- 
ing characteristics the viruses of psittacosis and lymphogranu- 
loma, but were distinguished from them by animal and other 
tests. By filtration, the size of the elementary bodies was 
estimated at 130-200 my. When inoculated into the con- 
junctivae of rhesus monkeys, they induced conjunctivitis, in 
one instance with inclusion bodies. 

Samples of these viruses were sent to me at the Lister In- 
stitute of Preventive Medicine, London, and I confirmed 
T’ang’s description of their properties. Shortly afterwards, 
Collier & Sowa (1958) isolated similar viruses from trachoma 
patients in the Gambia, West Africa. 

The Chinese workers treated the scrapings from each case 
with 2,500 yg./ml. streptomycin before inoculation into the 
yolk sac. Sowa (see Collier, 1959) found that a concentration 
of 20,000 yug./ml. does not affect the virus or the chick- 
embryo. This concentration of streptomycin suppresses most 
bacterial contaminants, and the rate of successful isolation 
is correspondingly improved. Attempts were made to isolate 
virus from 30 trachoma patients in the Gambia. Epithelial 
inclusions were present in eighteen. Virus was isolated from 
all but one of these, and from seven of the 12 patients who 
showed no inclusions. Twenty-five non-trachomatous control 
subjects also without inclusions failed to yield virus by egg 
inoculation. 

More recently, Murray, Snyder & Bell,’ using similar 
methods, isolated virus from a patient with trachoma in 
Sa‘udi Arabia. This virus, which also appears as elementary 
bodies in the yolk sac, induced conjunctivitis with inclusions 
in a chimpanzee, and is toxic to mice when injected intra- 
venously. 

b. Identification 

Since the trachoma syndrome cannot be fully reproduced in 
apes or monkeys, the Expert Committee of the World Health 
Organization (1956) stipulated that the final proof of the 


1 Paper read at the Virology Session, Sixth International Congress of Tropical 
Medicine, Lisbon, September 12, 1958. 
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identity of any virus claimed to be that of trachoma must be 
the production of the typical disease in human volunteers 
after sufficient passages in culture to eliminate the possibility 
of infection by the original inoculum. Accordingly, Collier, 
Duke-Elder & Jones (1958) inoculated the conjunctiva of a 
blind volunteer with a virus (strain G1) that had undergone 
eight serial egg passages after isolation in the Gambia. 
Follicular conjunctivitis was induced, and typical epithelial 
inclusions with glycogen matrices were repeatedly demon- 
strated in conjunctival scrapings (Plate VI, A); the cytology of 
the exudate was also characteristic of trachoma. The subject 
was observed, untreated, for over a year; virus was isolated 
from his conjunctiva on eight occasions during this period by 
egg inoculation. Several months after beginning the experi- 
ment, small stellate scars appeared in the conjunctiva. Con- 
junctival biopsies taken 14 and 20 weeks after inoculation 
revealed lesions typical of trachoma. Inclusions were present 
in the epithelium, which showed marked degenerative changes. 
Below this was a zone of dense infiltration, consisting mainly 
of plasma cells. In both specimens, characteristic lymphoid 
follicles were present. 

This volunteer had previously lost both eyes by operation, 
so that observations could be made only on the conjunctiva 
of the socket. In a further experiment, as yet unpublished, the 
same authors inoculated another blind volunteer with a 
different Gambian virus (strain G17). The subject had an 
intact cornea; he too developed follicular conjunctivitis, and 
unequivocal keratitis and pannus were demonstrated. As 
before, inclusions were present, and virus was repeatedly 
isolated in eggs. 

Collier (unpublished observations), has inoculated a 
number of baboons (Papio papio and Papio hamadryas) with 
strain Gl virus. One Papio papio developed a mild con- 
junctivitis, and inclusions were found in conjunctival epi- 
thelium (Plate VI, B). From this animal, and from one Papio 
hamadryas, virus was isolated several weeks after inoculation, 
indicating that multiplication had taken place in the con- 
junctiva. 

The results of these inoculations of man and baboons prove 
conclusively that the viruses isolated in Africa are aetiologi- 
cally related to trachoma; by inference the similar agents 
described by T’ang and by Murray are also trachoma viruses. 


c. Properties 


The elementary bodies grown in chick-embryo yolk sac 
strongly resemble other viruses of the psittacosis-lympho- 
granuloma group. In stained preparations they appear to 
range from about 0.25 u to 0.5 pw in diameter, the smaller 
forms staining pink and the larger forms purple with Giemsa. 
They are Castafieda-positive, and stain red by Macchiavello’s 
method. 

Seen by electron microscopy, the elementary bodies 
measure 0.3-0.4 y in the collapsed desiccated state (Plate VII, 
Ca, Cb). They show the “wrinkled pea” appearance cha- 
racteristic of this group of agents (Rake, 1947; Heinmets & 
Golub, 1948; Gaylord, 1954). Less frequently, large forms 
are seen, about 0.7 uv in diameter (Plate VII, Cc); these are also 
found in other members of the group (Heinmets & Golub, 
1948). 

From two patients in the Gambia, viruses have been isolated 
that differ somewhat from other strains in their mode of 
growth in the yolk sac. In addition to the free elementary 
bodies, these strains (G16 and G17) induce the formation of 
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compact aggregates of virus particles arranged around acentral 
vacuole, which may be single or multilocular (Plate VIII, 
D). These aggregates appear in every egg passage. In the 
human inoculation experiment referred to above, they were 
again found in virus isolated from the conjunctiva. By 
microchemical tests, I have demonstrated that the vacuoles 
contain glycogen, which is interesting in view of the presence 
of this substance in conjunctival inclusions. 

Histological examination of infected chick-embryos shows 
that trachoma virus multiplies in the layer of endodermal 
cells forming the lining of the yolk sac. With strain G17, the 
aggregates described above can also be seen in this situation. 
Growth in the yolk sac is often erratic but, characteristically, 
the embryos die about seven days after inoculation with a 
large dose of virus, and show haemorrhages into the feather 
shafts, and intense congestion of the liver and kidneys. 

Complement-fixation tests show that both Gambian and 
Chinese strains contain the psittacosis-lymphogranuloma 
group antigen. This antigen is heat-stable, and appears to be 
associated with the elementary bodies. Sera from some— 
but not all—trachoma patients contain antibodies fixing 
complement with trachoma virus, but the antibody titre 
rarely exceeds 1 in 32. On the other hand, low antibody titres 
are sometimes encountered in sera from apparently healthy 
Gambians so that the complement-fixation test is not at 
present of much diagnostic value. 


3. The Virus of Inclusion Conjunctivitis 


Reference has already been made to the varied clinical 
manifestations of infection by this virus. In 1909, both 
Stargardt and Schmeichler found inclusions identical with 
those of trachoma in some cases of ophthalmia neonatorum. 
By inoculation with conjunctival scrapings the disease could 
be transmitted to baboons, in which similar inclusions de- 
veloped (Lindner, 1909a; Fritsch, Hofstatter & Lindner, 1910). 
On examining the mothers of these babies, inclusions were 
sometimes found in the cervix (Halberstaedter & von Pro- 
wazek, 1909). They were also demonstrated in the urethrae 
of certain male patients with non-gonococcal urethritis 
(Fritsch et al. 1910; Lindner, 1910b). 

The agent was first shown to be filtrable by Botteri (1912) 
and Gebb (1914). Thygeson (1934) and others showed that it 
would pass through collodion filters of 0.7 » average pore 
diameter. 

The epithelial cytoplasmic inclusions induced by this virus 
are identical with those of trachoma, and need not be further 
described. The host range is similar, but the experimental 
disease in apes is more severe than trachoma, and inclusions 
are more readily found. Lindner considered that the viruses 
of trachoma and inclusion conjunctivitis were originally the 
same, but that trachoma acquired greater virulence for the 
conjunctiva as the result of repeated passage in this tissue. 
Allen (1944) produced experimental evidence to the contrary. 
He made 40 consecutive passages of inclusion conjunctivitis 
virus in human beings. In no instance did pannus or cicatriza- 
tion ensue, even in untreated subjects observed throughout 
the entire course of the disease. 


a. Isolation 
This virus, like that of trachoma, resisted many attempts 
at laboratory cultivation. Adaptation to the chick-embryo 
chorio-allantois was reported by John & Hamburger (1938), 
and Braley (1947) claimed to have passaged it in mouse brain, 
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but these observations were not confirmed by independent 
laboratories. 

Because of its similarity to trachoma, Jones, Collier & 
Smith (1959) attempted to isolate the causal agent by yolk- 
sac inoculation of infected epithelium. In this way, they 
recently isolated viruses from several European subjects in 
England. 

The first of these was the mother of an infant with neonatal 
blennorrhoea. Typical inclusions were absent from cervical 
scrapings, but were present in the baby’s conjunctiva. An 
agent resembling trachoma virus was isolated from the 
mother’s cervix, and designated strain LB1. Similar agents 
were also isolated from the conjunctivae of two other infants 
with proved inclusion blennorrhoea (strains LB2 and LB3). 


b. Identification 

For identification, the same considerations apply to in- 
clusion conjunctivitis as to trachoma, and final confirmation 
must await the results of inoculation into man. However, 
the virus isolated from the uterine cervix, when inoculated 
into baboons, induced conjunctivitis with inclusions. 

In this experiment, four baboons (Papio papio) were 
inoculated by the conjunctival route with virus of the eighth 
egg passage. Four days later, all the animals had severe 
mucopurulent conjunctivitis. Numerous polymorphonuclear 
leucocytes and lymphocytes were present in conjunctival 
scrapings, together with plasma cells and macrophages. 
Many inclusions were present, in which glycogen matrices 
were demonstrated by staining with iodine (Plate VIII, E). In 
addition, numerous elementary bodies were found, lying 
free among the cells of the exudate. At the time of writing, 
these observations are still unfinished, but provide good 
presumptive evidence that the virus tested is aetiologically 
related to that of inclusion blennorrhoea. 


c. Properties 
These viruses exactly resemble that of trachoma in mor- 
phology (Plate VIII, F) and in staining characteristics. That 
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isolated from the cervix forms vacuolated aggregates in the 
yolk sac similar to those of trachoma strains G16 and G17, 
However, the possibility of laboratory contamination by one 
of these can be eliminated, since the original isolations were 
made by two independent laboratories, one of which was not 
working with Gambian trachoma virus. These agents also 
resemble trachoma in their effects on the chick-embryo, and 
in their possession of the complement-fixing group antigen. 


4. Future Prospects 


The investigations described in this paper show that tra- 
choma virus can be cultivated in series and in quantity, and 
that similar agents can be isolated from inclusion blennorr- 
hoea. The way thus lies open for a considerable expansion of 
our knowledge of these diseases. Many fundamental questions 
about the viruses concerned have still to be answered, in 
addition to problems bearing immediately on treatment and 
prophylaxis. 

Foremost among these is the need for methods of dis- 
tinguishing the viruses of trachoma and inclusion conjunctivi- 
tis, and of determining variations between viruses from 
different sources. The serological reactions of these agents 
and the possible presence of an immunizing antigen must also 
be investigated. Now that virus can be isolated with little 
difficulty, fuller inquiries into the epidemiology and relation- 
ship of these diseases can be made. These and other studies 
are being pursued by the Medical Research Council’s Tra- 
choma Research Group at the Lister Institute of Preventive 
Medicine, London, and in West Africa. It is also expected 
that evaluation of antibiotics and chemotherapeutic drugs 
will be made easier now that their action on these viruses can 
be tested in the laboratory. 
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“Arborvirus” (arthropod-borne virus)! is a convenient 
abbreviation but must not be thought of as having Linnaean 
rank (e.g., family or genus). Attention will be confined to 
viruses wholly-or mainly transmitted biologically by an arth- 
ropod (i.e., through infection of its salivary glands). Viruses, 
such as rabbit myxomatosis virus, transmitted only mechan- 
ically by arthropods with soiled mouth parts are thus excluded. 
Casals & Brown (1954) separated arborviruses into groups A 
and B, mainly on immunological grounds. Later, group C 
was added (Clarke & Casals, 1958). At present there are 
known 7 in group A, 23 in group B, 5 (all South American) 
in group C, and at least 44 others remain unidentified. Our 
present knowledge of the ecology, epidemiology and evolution 
of arborviruses is broadly presented to focus attention on some 
important gaps in our knowledge and, where possible, to 
suggest how they may be filled. 


1. Ecological Aspects 

Most arborviruses have complex infection cycles involving 
several vertebrate and invertebrate hosts. Their epidemiology 
can be understood only in terms of the quantitative ecology of 
the vertebrate-invertebrate-virus community or biocenose 
(Audy, 1958). Survival of an arborvirus in an area probably 
always depends on stability of the entire biocenose, both 
vertebrate and invertebrate maintaining (or reservoir) hosts 
being necessary. Incidental hosts are also infected but trans- 
mission from them may not occur, or an incidental biocenose 
may develop and maintain the virus for a time; survival of the 
arborvirus is not, however, dependent on these. 


a. Maintaining Hosts 


In reservoir biocenoses the virus has usually reached such 
an adaptive peak (Wright, 1940) that it circulates in the 


* Hammon (Ann. N.Y. Acad. Sci. 1958, 70, 292) objected to this term because of 
possible confusion with the Latin arbor, “a tree”. Provided that the first use of 

arborvirus” in a paper is explained in parentheses there is no reason why this 
succinct and simple term should not continue to be used. 
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vertebrate host and infects the arthropod without affecting 
either adversely: examples are the monkey-mosquito reservoir 
of yellow fever, and similar forest-canopy reservoirs of Chikun- 
gunya (Weinbren, Haddow & Williams, 1958) and Zika (Dick, 
Kitchen & Haddow, 1952; Weinbren & Williams, 1958) 
viruses in East Africa. Birds and mosquitoes apparently 
maintain eastern equine encephalomyelitis (EEE) in fresh- 
water swamps in the eastern United States of America 
(Schaeffer, Kissling & Chamberlain, 1958). Rodents and 
ticks maintain the Russian spring-summer (RSS) complex 
of viruses in northern Asia and Europe (Smorodintsev, 1958). 

Invertebrate hosts may be particularly important in main- 
taining an arborvirus through adverse periods of weather. 
Over-wintering is the outstanding case, and here hibernating 
mosquitoes may be important: for example, Culex tarsalis for 
western equine encephalomyelitis (WEE) in the western 
United States (Kelner, 1952; Blackmore & Winn, 1956); 
Culex spp. for West Nile virus in Egypt (Hoogstraal, 1958). 
Ticks over-wintering on hibernating vertebrates may main- 
tain the RSS complex: hedgehogs infected with RSS virus just 
before hibernation circulate it throughout hibernation without 
developing detectable antibody (van Tongeren, 1958). St 
Louis encephalitis virus apparently persists similarly in 
hibernating bats (La Motte, 1958). Reeves, Hutson, Bellamy 
& Scrivani (1958) and Chamberlain, Kissling, Stamm & Sudia 
(1957) have shown that chronic arborvirus infections may 
exist in the organs of birds, and that, if these cause intermit- 
tent viraemia, virus could be maintained in a latent state for 
considerable periods. 

Survival of virus through dry spells in dry country such as 
Karomoja in Uganda is a similar problem. Galagos living 
in small family groups in tree holes, perhaps with transmission 
in the nest by mites (Haddow, 1952; Lumsden, 1955a), may 
be responsible. Non-haematophagous insects have also been 
suggested as long-term maintenance hosts in small isolated 
strips of forest with few monkeys, but Gillett (1958) recently 
failed to infect insect predators with yellow fever, though 
Findlay & MacCallum (1939) found it to persist in inoculated 
cockroaches. Such infected insects might be eaten by, and 
thus infect, vertebrates such as monkeys. 

Long-term maintenance of an arborvirus in vertebrates 
without arthropod transmission is a contradiction in terms, 
but viruses serologically belonging to group B of arborviruses 
(Casals & Brown, 1954) appear to be maintained in bats solely 
by salivary contact (Burns & Farinacci, 1956; Sulkin, Wallis 
& Allen, 1956; Johnson, 1957). 

Long-term maintenance in an arthropod requires either 
transovarial transmission or intraspecific transmission, e.g., 
by sexual contact or during communal feeding. Transovarial 
infection has been shown to occur in the RSS complex 
(Chumakov, Petrova & Sondak, 1945; Benda, 1958) but is 
relatively inefficient and probably requires supplementing 
by (i) alternating infection of vertebrates and (ii) spread 
between ticks feeding on the same host as virus circulates 
while an infecting tick feeds (Benda, 1958). It is unknown 
whether viruses are maintained in avirulent forms in arth- 
ropods as is Rickettsia rickettsi (Price, 1954). 


b. Incidental Hosts 
With most, if not all, arborviruses, man is probably always 
an incidental host—in a sporadic infection—; or if he is the 
victim of an epidemic, he is the vertebrate element in an inci- 
dental biocenose: this may be, as we shall suggest presently, 
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because of his slow reproduction rate. Yellow fever may, 
however, be maintained in large urban communities for long 
periods (Macnamara, 1955), and no convincing reservoir of 
dengue viruses has yet been demonstrated. Other large 
mammals, such as horses infected with Japanese encephalitis 
or EEE, serve the same function. 

Arthropods also may be incidental hosts. For instance, in 
the Tanganyika Chikungunya epidemic, virus was isolated 
from several blood-sucking insects (Anopheles spp., Culex 
spp., and possibly bed-bugs) apart from the probable vector, 
Aedes aegypti (Lumsden, 1955b; Ross, 1956). A _ virus 
isolated from arthropods may have been in the gut or on the 
mouth parts of an incidental host which is quite incapable of 
biological transmission. 


c. Quantitative Aspects of Maintenance 


Survival of a virus in a biocenose depends on the presence of 
adequate numbers of susceptible vertebrate and invertebrate 
hosts in close association. In stable endemic or enzootic 
arborvirus biocenoses the susceptible vertebrates are elim- 
inated by immunization following inapparent infections 
rather than by death. Reproduction is the main source of 
new susceptible vertebrates; thus animals such as primates 
with slow reproduction-rates provide many fewer than, for 
example, birds or rodents. Where vertebrate deaths are 
frequent, the maintaining cycle is unstable and probably the 
virus can survive only by migration: for example, the epizootic 
wave of yellow fever which moved from the Panama Canal in 
1954 to the south of Mexico in 1958, leaving a trail of dead 
monkeys (Boshell, 1957). 

Macdonald (1957) has studied malaria epidemiology 
quantitatively, using a fairly simple deterministic approach. 
Arborvirus epidemiology could similarly be studied very 
profitably if enough were known about the parameters: the 
main modification necessary would be to take account of 
immunity in the vertebrate hosts, which can be largely 
disregarded in malaria. The necessary parameters are: (i) 
the effective duration of viraemia in vertebrates—probably 
affected by antibody to related arborviruses; (ii) the length 
of the extrinsic incubation period, which is influenced by 
environmental temperature; (iii) the expectation of life of the 
arthropod, which is affected by climatic factors, predators, 
and control measures such as insecticides; (iv) the frequency 
with which the arthropod bites the vertebrate hosts; and (v) 
the proportion of its bites on vertebrate species which do not 
circulate the virus. 

A rough idea can be obtained of the effects of changing 
these parameters. The transmission-rate increases with the 
duration of viraemia if other factors permit. Extrinsic 
incubation periods of 10, 12 and 14 days in a mosquito with 
a 90% probability of surviving each day, would lead to 35%, 
28%, and 23% respectively of infected mosquitoes surviving 
long enough to become infective. If the probability of a 
mosquito surviving one day were reduced from 90% to 80%, 
transmission would diminish to about one-tenth if other 
factors were unchanged. These figures are cited only to 
stimulate interest in collecting the right sort of information 
so that actual estimates can be made and tested in field trials. 

In endemic regions, understanding of the factors which 
maintain equilibrium between development of epidemics and 
disappearance of the virus is imperative for the proper design 
of control measures, and can result only from quantitative 
studies. For instance, a lesser degree of control may be effec- 
tive against a short-lived vector compared with longer-living 
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species: and ten times as many arthropod vectors are needed 
to maintain a virus in a host-community 90% immune 
compared with a host-community 10% immune. The propor- 
tion of susceptibles in a community can be estimated by anti- 
body survey only where the age-structure of the community 
is known. Macnamara (1955) estimated that before four 
Nigerian epidemics of yellow fever 70-80% of the local 
populations were susceptible; after certain epidemics 35-54% 
apparently remained susceptible. 


d. Long-Range Disseminators 


The importance of long-ranging hosts which introduce a 
virus to new geographical areas is recognized, for instance, in 
the stringent precautions taken to prevent introduction of 
yellow fever to Asia by air travellers during the incubation 
period. On a more local scale, the yellow fever epidemics 
which occur at intervals in northern Nigeria are apparently 
due to introduction of the virus by travellers incubating the 
disease (Macnamara, 1955). The ability of dengue to travel 
along communication routes was illustrated in the 1922 
dengue epidemic in Texas (Chandler & Rice, 1923), and in the 
numerous epidemics due to introduction by sea to such places 
as Brisbane (British Medical Association, 1905), and Honolulu 
(Usinger, 1944). 

The accidental air transport of invertebrates is of great 
potential importance, not only because they may be infected 
and thus introduce a virus, but because they themselves may 
become established and become new hosts of infections 
already present (Laird, 1956). Introduction of a new suscep- 
tible host may provide the opportunity for emergence of a 
mutant of an existing pathogen with different pathogenicity, 
and so forth. 

Migrant birds may be important as long-distance dissemin- 
ators of, for example, St Louis encephalitis virus, which is 
enzootic in birds in the United States of America and which 
has been isolated from birds in Trinidad (Downs, Anderson & 
Casals, 1957). Chronic infections with relapsing viraemia 
(Reeves, Hutson, Bellamy & Scrivani, 1958) may be one of 
the factors, or virus may be carried in invertebrate parasites 
of birds such as mites and ticks which travel with them and 
which may bite them or be eaten by them. Although birds do 
not appear to have been shown susceptible to infection by 
eating infected insects, mice are known to be infected by 
eating carcasses of mice dying of arborvirus infections, and 
have been infected orally with brains of mice infected with 
St Louis encephalitis virus (Harford, Sulkin & Bronfen- 
brenner, 1939). Monkeys have been infected orally with 
yellow fever (Findlay & MacCallum, 1939). Birds are 
apparently responsible for introduction of Murray Valley 
encephalitis virus to South Australia from the tropical north 
by migration in short stages, with spread between birds at each 
stage (Anderson, 1954). 


e. Link-Hosts 


Because, in tropical rain forest, mosquitoes live (and bite) in 
horizontal strata, hosts common to more than one stratum 
—“‘link-hosts’”’—are often necessary before a virus main- 
tained in the canopy can infect a ground-level host-vector 
community. Aedes simpsoni biting both man and raiding 
monkeys at the forest fringe, especially in banana plantations, 
is the link vector in Uganda between forest yellow fever 
(monkeys/Aedes africanus) and urban yellow fever (man/ 
Ae. aegypti) (Smithburn, Haddow & Lumsden, 1949).? 


* See also Dick, Brit. med. Bull. 1953, 9, p. 218.—Eb. 
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Where Ae. simpsoni does not occur naturally or as a result of 
control measures, or where it does not bite man (Macnamara, 
1955), jungle yellow fever may exist very close to man without 
his being infected. 

In the Central American forest there appears to be no link 
vector corresponding to Ae. simpsoni. Where the canopy is 
complete, the canopy vector Haemagogus very seldom bites 
at ground level except after the felling of a tree; where the 
canopy is more open, Haemagogus bites much more fre- 
quently at ground level (Trapido & Galindo, 1957). In the 
dry season, canopy mosquitoes, especially Sabethes, bite 
more frequently near the ground (Galindo, Trapido, 
Carpenter & Blanton, 1956). 


f. Amplifiers 

These are vertebrate populations which provide the means 
for the production of large amounts of virus in a reservoir 
biocenose so that the infection then overflows into neighbour- 
ing populations of incidental vertebrate hosts (Scherer, 1958). 
In Japan, epidemics of Japanese encephalitis are preceded by 
intense transmission among nestlings in large heron colonies. 
Probably the bird-biting mosquitoes responsible for this bite 
man or horses relatively infrequently and thus the spread to 
them occurs only when a very high proportion of mosquitoes 
is infected. The horses and other large vertebrates may them- 
selves act as an amplifier between birds and man. 


g. Physical Factors 


Climate largely decides the prevailing types of vegetation 
which in turn markedly affect the microclimates in which 
vertebrates and arthropods actually live. Climate, vegetation, 
and topography together affect the population, distribution 
and behaviour of arthropods and the length of the extrinsic 
incubation period. 

Ae. aegypti stops biting at an environmental temperature 
of about 15° C. (Walker, Meyers, Woodhill & McCulloch, 
1942) and requires an even temperature of about 22° C. to 
become infective with dengue in ten days (Blanc & Camino- 
petros, 1930). Derrick & Bicks (1958) found that the wet- 
bulb isotherm of 14.2° C. limits the distribution of dengue in 
Australia and, if its world distribution is plotted, the endemic 
areas lie between the two winter 18°C. isotherms, and the large 
epidemics of this century between the summer and winter 
18° C. isotherms. 

The effects of altitude are mainly those of lower temper- 
atures on the distribution of arthropods. The apparent 
absence of Japanese encephalitis infections in the highlands 
in Malaya in comparison with the apparent very high incidence 
elsewhere (Smith, 1958) is probably due to the absence of an 
appropriate vector. 

The effects of rainfall are also closely related to those of 
temperature. Heavy rains may cause a large increase in 
mosquito population by creating more breeding-places, but 
humidity is at least as important, as it may profoundly affect 
the longevity of mosquitoes. Increase in the longevity of 
mosquitoes owing to increased humidity is responsible for 
malaria epidemics in the Punjab after floods (Gill, 1938; Mac- 
donald, 1957) and may also be very important in permitting 
arborvirus epidemics. Mattingly (1954) found that the distri- 
bution of Stegomyia spp. in Africa depends on the height of 
the water-table and on the distribution of rainfall through the 
year rather than on the total annual rainfall. 


* Recent antibody studies suggest that this may have been West Nile virus and 
Not a dengue virus, but similar considerations probably apply to dengue. 


Water storage may provide domestic breeding-places 
because the water has to be transported (Lumsden, 1955b) or 
because it has to be obtained from public stand-pipes (Mac- 
donald, 1956). Irrigation works and agriculture profoundly 
change the relative numbers of vertebrate and invertebrate 
species: to this Smithburn (1958) has attributed the recent 
great increase of arborvirus activity in Tongaland. Inefficient 
disposal of industrial waste water apparently caused the 
increase in mosquito population which led to an epidemic of 
St Louis encephalitis (Ranzenhofer, Alexander, Beadle, 
Bernstein & Pickard, 1957). 


2. Pointers to the Evolution of the Arborviruses 


The main factors in evolution are mutation, selection, 
isolation and population-waves (Timofeeff-Ressovsky, 1940). 


a. Mutation and Selection 

The high reproduction-rates of viruses provide a wealth of 
mutants. As reproduction occurs only within living cells and, 
with a few exceptions, arborviruses are transmitted by arth- 
ropods, certain characteristics are essential for survival: (i) 
ability to invade the haemocoele of a suitable arthropod 
through its gut wall (McLean, 1955) and reach its saliva in an 
infective concentration; (ii) ability to circulate in the vertebrate 
at an infective concentration for the arthropod host. Viscero- 
tropism is essential to a “‘ wild” arborvirus and can be demon- 
strated in recent isolates before selection (or adaptation) of 
neurotropic variants in laboratory animals (Middelburg 
virus, Kokernot, de Meillon, Paterson, Heymann & Smith- 
burn, 1957; Zika virus, Weinbren & Williams, 1958; Chikun- 
gunya virus, Weinbren et al. 1958). In a “wild” virus, 
neurotropic variants may be rare, accounting for the low 
incidence of encephalitis in persons infected with, for instance, 
Japanese encephalitis virus, even in Japan where immunity 
due to related viruses can be discounted (Southam, 1956; 
Scherer, Kitaoka, Okuno & Ogata, 1958). 

An arborvirus-vertebrate-invertebrate biocenose evolves 
as a whole, and change in any one element may affect the 
other two. Characters favouring survival of a mutant are 
mainly either qualitative or quantitative in effect. The main 
qualitative factors are: (i) ability to circulate in vertebrates 
immune to the original form of the virus (i.e., antigenic 
change); (ii) transovarial transmission in the arthropod to its 
progeny; (iii) transmission between vertebrates without an 
arthropod; and (iv) higher cutaneous pathogenicity and 
greater heat stability, as in some newly isolated strains of 
Japanese encephalitis virus (Huang, 1957). Important 
quantitative factors are: (i) longer viraemia in the vertebrate 
so that more arthropods have a chance of acquiring infection; 
and (ii) a shorter extrinsic incubation period so that more 
infected arthropods survive to become infective. 

The complex antigenic relationships between the mosquito- 
borne viruses in group B suggest that acquisition of the ability 
to circulate in vertebrates already immune to an existing form 
of the arborvirus was a main selection factor in subdividing 
the group. This pressure must still be strong in tropical areas 
like Malaya (Pond, Russ, Lancaster, Audy & Smadel, 1954; 
Smith, 1958); East Africa (Dick, 1953); and the West Indies 
(Downs, Anderson & Theiler, 1956), where several B arbor- 
viruses are endemic and a high proportion of susceptible 
vertebrates is immune to several of them. The equilibrium 
which has been reached in such areas makes survival of a new 
closely related virus unlikely, whether it is a mutant of local 
origin or an introduction. 
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Antigenic changes in arborviruses have not yet been induced 
experimentally by the presence of antibodies, but this has 
been done with influenza virus (Archetti & Horsfall, 1950). 
There is evidence that infection with one B arborvirus confers 
a degree of protection against others and that multiple infec- 
tions broaden the range of cross-protection (Bearcroft, 1957; 
Parks & Price, 1958); this probably diminishes and shortens 
viraemia and so reduces the number of arthropods infected. 

Interference in the arthropod is another mechanism of 
possible importance: mosquitoes infected with dengue may 
not be infectible with yellow fever (Sabin, 1952). This could 
be important only where a very high proportion of the 
arthropods were infected; information is sparse but such re- 
cords as exist suggest rates in mosquitoes of only about 1 in 
700 (Reeves, Bellamy & Scrivani, 1958): infection-rates 
obviously vary greatly, depending especially on the age- 
distribution of the arthropods trapped. Interference is 
probably more important in preventing the emergence of 
mutants—as was demonstrated for R. rickettsi by Price (1954). 
Mutations are probably not more frequent than 1 in 105-10° 
and, if outnumbered by even ten times as many particles of 
the parent form, their multiplication in an arthropod would 
probably be inhibited. 

The absence of easily detectable antigenic differences in the 
RSS complex of viruses suggests evolution in the tick hosts 
where an antigenic difference in a mutant would not confer a 
selective advantage. Transovarial transmission presumably 
indicates prolonged symbiosis of tick and virus. One strain of 
RSS virus has become independent of tick transmission and 
is transmitted in goat’s milk (Smorodintsev, 1958; van 
Tongeren, 1955). Pshenichnovy (1957) states that milder 
clinical disease is caused by goat-passaged virus than that 
from tick bite. 

The obverse effect of virus infections on the evolution of 
the vertebrate and invertebrate hosts should be remembered 
(Haldane, 1949). Hereditary differences in susceptibility to 
various infections appear to exist in different human com- 
munities. A strain of mice (PRI) has been bred with a 
Mendelian resistance to infection with B but not A arbor- 
viruses (Sabin, 1953). 


b. Geographical and Ecological Isolation 


The distribution of the West-Nile/Japanese-encephalitis/St 
Louis-encephalitis group of viruses suggests that a common 
ancestor (perhaps West Nile: Sabin, 1958) originated in the 
Old World and that the group developed: (i) south to form a 
complex of African viruses; and (ii) east round the globe with 
West Nile virus from north-east Africa to western India; 
Japanese encephalitis from east India round to Japan; 
Murray Valley encephalitis in Australasia; and St Louis 
encephalitis in North America. Geographical differentiation 
of the arborviruses must have been closely related to geogra- 
phical speciation of the hosts, especially the arthropods: thus 
the distribution of an arborvirus is similar to that of its main 
host mosquito (or group of mosquitoes). 

Ecological isolation in a single species of vertebrate or 
invertebrate host (or both) probably occurs near the climatic 
limits of the distribution of a virus. Group B arborviruses 
cause a low incidence of encephalitis in tropical endemic areas 
compared with epidemics near the climatic limits—for exam- 
ple with Japanese encephalitis or Murray Valley encephalitis. 
In the group A arborviruses (Casals & Brown, 1954), the 
tropical viruses, Semliki Forest virus (Smithburn & Haddow, 
1944), Sindbis virus (Taylor, Hurlbut, Work, Kingston & 


Frothingham, 1955), Chikungunya virus (Robinson, 1955; 
Gear & Reid, 1957) and Mayaro virus (Anderson, Downs, 
Wattley, Ahin & Reese, 1957; Causey & Maroja, 1957), cause 
at most a mild clinical disease, perhaps none at all, while the 
temperate climate forms (eastern, western and Venezuelan 
equine encephalomyelitis viruses) cause epidemics of encepha- 
litis. In both groups, although immunity to related viruses 
may be more prevalent in the tropics, more neurotropic 
variants may have evolved in isolation, in different hosts, 
especially arthropod ones, and under different environmental 
conditions near the climatic limits. 

Population-waves are the periodic or seasonal fluctuations 
in population size which affect all organisms and act in two 
ways: (i) by increasing the supply of mutants, and (ii) by 
causing migration of hosts, thus extending the range of the 
virus. An epidemic is of course a population-wave for the 
virus, and the population-waves in amplifiers may be a factor 
in the emergence of mutants pathogenic to incidental hosts. 


c. Introduction of New Susceptible Hosts 


Among the most important factors enabling a new mutant 
to survive is the introduction of a new susceptible host in the 
geographical and ecological unit. The probable influence of 
the invasion of south and south-east Asia within recent times 
by Ae. aegypti (Macdonald, 1956) on the epidemiology of 
dengue in the area was described by Smith (1956a). Recently 
two important apparently new arborvirus diseases have 
appeared: Kyasanur Forest disease, and haemorrhagic dengue 
in the Philippines and Thailand. 

Until recently the RSS complex of viruses was believed to 
comprise only tick-borne encephalitis in Europe and the 
USSR, louping ill in Scotland and Scandinavia, and Omsk 
haemorrhagic fever, mainly transmitted by Jxodes ticks. In 
1957, a disease resembling Omsk haemorrhagic fever broke 
out in monkeys and man in the Kyasanur Forest area of 
south-west India, which was apparently transmitted by 
Haemaphysalis ticks (Work, 1958). Work suggests that the 
virus may have been recently introduced to India from Russia 
by migrant birds or their arthropod parasites. Another virus 
of the group is, however, known to occur in Ixodes ticks and 
forest rodents in Malaya (Smith, 1956b) and, as south-east 
Asia is probably the centre of evolution of the genus Rattus 
(Harrison & Audy, 1951), the RSS complex of viruses and the 
Ixodes ticks may also have evolved and spread from there, 
leaving behind this silent, ecologically isolated form in 
Malaya. The Russian and European forms may be relicts 
isolated by the last ice-age in the eastern glacial wooded 
refuge described by Reinig (1937). Another possible hypothe- 
sis to account for the sudden and virulent appearance of 
Kyasanur Forest virus is that a latent native virus in Ixodes 
ticks and rodents has become adapted to a new host, namely 
Haemaphysalis ticks. Levkovich (1957) suggested that adapta- 
tion to Ixodes ricinus is responsible for the milder human 
disease in western Europe compared with that transmitted by 
Ixodes persulcatus in the east. 

New types of dengue virus causing haemorrhagic disease 
in the Philippines (Hammon, 1958) and more recently Thai- 
land are related antigenically to the previously known dengue 
viruses and are apparently similarly transmitted by Ae. 
aegypti. Recent changes in the biology, numbers, or distribu- 
tion of either vertebrate or invertebrate hosts of the virus may 
explain such events. For example, the strong selection pres- 
sures exerted in the western Pacific during the Second World 
War by wide-spread large-scale use of insecticides may have 
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changed the character of the Stegomyia mosquitoes in the 
area. 


3. Conclusion 


At least 77 distinct arborviruses are known (Casals, 1958) 
and many more probably await identification throughout the 
world. As each has a complex ecology the whole field is 
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Ten years ago, myxomatosis was known only to a few experi- 
mental pathologists interested in the production of tumours 
by viruses. Nowadays it is as well known to the general public 
of Australia and Europe as are smallpox and influenza, and a 
few years ago it commanded more attention in the popular 
press than either. This fame, or notoriety, followed the wide- 
spread occurrence of the disease amongst European wild 
rabbits, first in Australia (from 1950) and then in Europe 
(from 1952). From the view-point of general medicine, the 
most interesting outcome of these epizootics is that they have 
provided a unique example of the rate and extent of evolu- 
tionary changes in a generalized virus infection. 


1. Natural History in the Americas 


Myxomatosis was first recognized in 1896 in Uruguay, where 
it devastated a laboratory rabbit colony in Montevideo 
(Sanarelli, 1898). At irregular intervals ever since, outbreaks 
have occurred in domestic (European) rabbits in various parts 
of South America (Uruguay, Brazil, Argentina), Central 
America (Mexico, Panama) and North America (California). 
Before its introduction into Australia and Europe, myxoma- 
tosis did not occur naturally outside the American continent. 
The erratic appearance of a new, highly lethal disease in an 
imported animal (the European rabbit) was explicable only 
on the assumption that there must be a reservoir host native 
to the Americas. This was not sought until 1942 when 
Aragido (1943) showed that the common wild rabbit of Brazil 
(Sylvilagus brasiliensis) is the natural host in Brazil. Infection 
in this host is manifested only by the production of a single 
localized tumour of the skin. Aragao also showed that the 
virus was transferred mechanically from these tumours to 
other rabbits (domestic or native) by mosquito bite, thus 
providing an explanation for the apparently spontaneous 
appearance of the disease in domestic rabbit colonies, as well 
as for its seasonal incidence. There has been no further study 
of the natural history of the disease in the Americas, and the 


reservoir host in Central and North America, where S. 
brasiliensis does not occur, is unknown. 


2. Physical Character and Host Range of Myxoma Virus 


Myxoma is one of the larger viruses, measuring 290 x 230x 
75 my in osmium-fixed preparations. In electron micrographs 
it cannot be distinguished from vaccinia virus, and enzymic 
digestion suggests that the structural organization of these 
viruses is similar (Farrant & Fenner, 1953). Because of this, 
and on other grounds (Fenner, 1953), myxoma virus is now 
included in the poxvirus group (Fenner & Burnet, 1957). 

It was early recognized that its host range, among labor- 
atory animals, was very restricted. Before its release in 
Australia, Bull & Dickinson (1937) tested a wide range of 
Australian domestic and native animals and birds and found 
all of them to be refractory to the virus. This was an essential 
preliminary step to its use for the biological control of the 
rabbit in Australia. 

Since 1952 a few cases of natural infection of the European 
hare (Lepus europaeus) have been reported in France (Magal- 
lon, Bazin & Bazin, 1953), and Great Britain (Whitty, 1955), 
Experiments in France have shown that only a very rare 
individual hare is susceptible, the majority being innately 
resistant (Jacotot, Vallée & Virat, 1955a). 

In tissue cultures myxoma virus will multiply in cells 
derived from a variety of animals (Chaproniere & Andrewes, 
1957; Kilham, 1958). Multiplication also occurs in the deve- 
loping chick-embryo (Lush, 1937) in which pocks are produced 
on the chorio-allantoic membrane; and in the brains of new- 
born mice (Andrewes & Harisijades, 1955). 


3. The Disease in the European Rabbit 
(Oryctolagus cuniculus) 


In S. brasiliensis myxoma virus behaves as a well-adjusted 
parasite, which upsets its host animal to a negligible extent. 
As in the related disease of Shope’s fibroma in North Ameri- 
can rabbits (Kilham & Dalmat, 1955), the skin tumours 
persist long enough in a state which will allow mechanical 
transfer of the virus by mosquitoes to ensure persistence of the 
virus in the wild rabbit population. However, in the European 
rabbit (Oryctolagus cuniculus) the disease picture is drama- 
tically different. Infected European rabbits suffer a very 
severe generalized infection characterized by great oedema of 
the head and anogenital region, and by the wide-spread 
occurrence of skin tumours all over the body. The disease 
produced in experimental animals by the classic laboratory 
strain of the virus, and by viruses recovered from natural out- 
breaks in the Americas, is almost always lethal. Wild Euro- 
pean rabbits are equally susceptible, for population counts 
during early outbreaks in Australia showed that the case- 
mortality rate in wild rabbits infected naturally with the 
highly virulent strain of virus was as high as 99.8%. 


4. Mechanisms of Transmission of Myxomatosis 


The symptomatology of myxomatosis in South American 
rabbits—i.e., the production of a localized tumour of the skin 
—and the seasonal incidence of the disease suggested to 
Aragao that the principal mode of transmission of the virus 
might be by some arthropod vector, and this was soon shown 
to be the case (Aragiao, 1943). 
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Myxomatosis in the European rabbit, on 
the other hand, results in the discharge of 
highly infectious material in the conjunctival 
secretions and the production of viraemia 
lasting for several days, as well as extensive 
skin lesions which could serve as a virus 
source for biting arthropods. It was con- 
ceivable, therefore, that among European 
rabbits other modes of transmission might 
be important, including possibly insect 
transmission involving multiplication of the 
virus in the vector. Laboratory experi- 
ments have shown that infection between 
European rabbits can be transferred by 
contact; but this appears to have been of 
minor importance in natural outbreaks. 
Much the most important mode of transfer 
in epizootics in European rabbits, as in the 
wild rabbit of Brazil, is by the bites of 
arthropods. In Australia and on the con- 
tinent of Europe, mosquitoes have been of 
outstanding importance (Ratcliffe, 1955; 
Jacotot, Toumanoff, Vallée & Virat, 1954), 
but in Britain the rabbit flea appears to 
have been the major vector (Thompson & 
Worden, 1956). 

Although mosquitoes imbibe virus when 
they engorge on infected rabbits, exhaustive 
experiments have shown that this virus does 
not multiply in the mosquito and indeed is 
soon excreted in the faeces or otherwise 
lost (Fenner, Day & Woodroofe, 1952; 
Day, Fenner, Woodroofe & Mclntyre, 
1956). Myxoma virus is_ transferred 
mechanically on the contaminated mouth 
parts of insects which have probed through 
infected epidermal cells. 

The mouth parts of arthropods are com- 
plicated organs, but the analogy of the 
“flying pin” (Fenner et al. 1952) is probably a useful one, 
since it emphasizes the major features of mechanical transfer 
by arthropods. These are: (i) the source of virus for trans- 
mission is the skin; viraemia is of no direct importance; 
(ii) there is no extrinsic incubation period such as is found 
with biological transmission; interrupted feeding is effective 
and the probability of successful transmission diminishes 
with the passage of time after the infective probe; (iii) there 
is no biological specificity of the type dependent upon 
the ability of the virus to multiply in the arthropod, 
although the biting habits of the vector are, of course, 
important. 

It is perhaps appropriate here to point out the wider 
implications of the mechanical transmission of virus diseases. 
Since the publication of a note on this (Fenner & Day, 1952), 
mechanical transmission by arthropods has been shown to be 
an effective and probably the major natural mode of the spread 
of Shope’s fibroma of the rabbit (Kilham & Dalmat, 1955), 
rabbit papilloma (Dalmat, 1958) and squirrel fibroma 
(Kilham, 1955). It is a reasonable prediction that mechanical 
transmission by arthropods will ultimately be implicated in 
the majority of diseases of animals characterized by lesions 
of the skin (e.g., fowl-pox, contagious pustular dermatitis of 
sheep, sheep-pox, lumpy skin disease, cowpox, etc.). 


FIG. 1. MAP OF AUSTRALIA SHOWING THE SPREAD OF MYXOMA- 
TOSIS SINCE ITS RELEASE IN THE MURRAY RIVER VALLEY IN 1950 


1950-5! 
1951 -S2 
1952-53 
1953-57 
NO DATA 


The site of introduction of myxomatosis is indicated by a white star. The disease has now 
spread over the whole of the rabbit-infested areas of Australia (areas left blank are not 
infested with wild rabbits). 


(Map produced by Dr I. D. Marshall, largely on the basis of information supplied by officers of 
the Wildlife Survey Section of the Commonwealth Scientific and Industrial Research Organization.) 


5. Spread of Myxomatosis in Australia 

The European wild rabbit is the major animal pest of 
Australia and has annually caused damage running into hun- 
dreds of millions of pounds. Observation of the devastating 
effects of myxomatosis on European rabbits in domestic 
colonies and in the laboratory led Araga&o to suggest as long 
ago as 1918 that it should be used to control the rabbit pest in 
Australia. Although Aragéo pursued his suggestion with 
energy, and finally succeeded in sending viable virus to 
Australia in 1926, nothing came of it. The matter was brought 
up again in 1933 by Dame Jean Macnamara, and the Austra- 
lian Government then sponsored: an investigation by Sir 
Charles Martin at Cambridge. As a result of his report 
(Martin, 1936), field trials were carried out in Australia in 
1937-42 (Bull & Mules, 1944). Man-power difficulties during 
the war led to the suspension of these trials. In 1948 the rabbit 
problem had become so serious that fresh efforts were made, 
and the disease was finally successfully introduced in Decem- 
ber 1950. It spread over south-eastern Australia with fantastic 
speed, outbreaks being reported at points separated by up to 
200 miles at intervals of 1-2 weeks (Ratcliffe, Myers, Fennessy 
& Calaby, 1952). The first outbreaks, in the summer of 
1950-51, were confined to the vicinity of the water-ways of 
the Murray-Darling river system, but in the subsequent year 
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it spread between the rivers, and since 1953 has been estab- 
lished as an enzootic disease wherever wild rabbits occur in 
Australia (see fig. 1). 

As myxomatosis was introduced into Australia to control a 
major animal pest, natural spread has been extensively 
supplemented by inoculation campaigns. The virus used in 
Australia, both in the initial experimental stages and in the 
later inoculation campaigns, was the Moses strain, which had 
been maintained in laboratory rabbits in America, England, 
and Australia since 1911. 


6. Spread of Myxomatosis in Europe 


The introduction of myxomatosis into Europe, and its spread 
there, offer interesting contrasts to the Australian picture. In 
Australia its effective introduction was the sequel to an inten- 
sive series of experiments carried out by the major govern- 
mental scientific organization over many years. In Europe it 
resulted from private enterprise, when Dr A. Delille injected 
two rabbits on his estate in the Department of Eure-et-Loir 
with material obtained from a colleague in Switzerland (Radot 
& Lépine, 1953). From this simple beginning the disease 
spread all over France, and into most of the neighbouring 
countries. It reached Britain in the late summer of 1953 and 
has since spread to every part of the United Kingdom. In 
Europe, as in Australia, the disease is now enzootic and almost 
coextensive with the rabbit. 

The virus used to initiate the disease among the wild rabbits 
of Europe differed from that employed in Australia, having 
been isolated quite recently from a spontaneous outbreak in 
Brazil (Bouvier, 1954). It produces a recognizably different 
disease from the Moses strain (Fenner & Marshall, 1957), 
though both are very highly lethal for European rabbits. 

The public reaction to myxomatosis in different parts of 
Europe differed greatly from that in Australia, where the 
rabbit was universally regarded as a major pest. In Britain, 
there was a strong sentimental objection to the deliberate 
destruction of rabbits with myxomatosis, so much so that 
spread by inoculation or movement of diseased rabbits was 
made illegal. In France the dominant influence was that of the 
chasseurs, whose traditional game animal was the rabbit, but 
there were important groups which regarded the wild rabbit 
as a pest (e.g., farmers and foresters). In addition, the wide- 
spread domestic production of rabbits for their meat led to 
requests for protective vaccines. 


7. Changes in the Virulence of Myxoma Virus 


Although all laboratory experimenters before 1950 had 
been impressed by the great lethality of myxoma virus for the 
European rabbit, one variant of reduced virulence had been 
reported: the so-called ‘“‘neuromyxoma”’ strain of Hurst 
(1937). 

Detailed observations in the field in Australia showed that 
the case-mortality rate in the early outbreaks was as high 
as 99.8%. Within one or two years, however, the level had 
fallen to 90% (Myers, Marshall & Fenner, 1954). This change 
made detailed examination of field strains mandatory. The 
discovery that there was a correlation between survival time 
and mortality rate led to a practicable test of the virulence 
(lethal capacity) of field strains, namely, the intradermal 
inoculation of groups of five laboratory rabbits with small 
doses of virus. 


TABLE |. CLASSIFICATION OF STRAINS OF VIRUS 
RECOVERED FROM NATURAL CASES OF MYxo. 
MATOSIS IN AUSTRALIA BETWEEN 1950 AND 1957, 
EXPRESSED AS PERCENTAGES (data from Fenner & 
Marshall (1957) and Marshall (unpublished) ) 


Grade of virulence 


° 
ay >99% 99% 0-30% samples 


Season: 
1950-51 


1951-52 
1952-53 
1953-54 
1954-55 
1955-56 
1956-57 


Several prototype strains were selected and studied in 
detail. A description and coloured photographs of the appear- 
ance of laboratory rabbits infected with these prototype 
strains are given by Fenner & Marshall (1957). Over 500 
samples of virus recovered from naturally infected cases in 
Australia and Europe have now been classified as resembling 
one or other of the prototype strains (Fenner & Marshall, 
1957; Marshall, unpublished), and the Australian results are 
shown in Table I. 

After its initial spread as a virus of extreme and uniform 
virulence, myxoma virus has undergone a number of changes, 
so that there now exist enzootically in the Australian wild 
rabbit population a number of strains differing widely in 
virulence. Tested in standard, highly susceptible laboratory 
rabbits, viruses of moderate virulence (grade III) have 
remained dominant since 1952-53. 

Investigations in Europe have been differently oriented 
from those in Australia, as the official view in most countries 
has been that myxomatosis is an objectionable disease, and 
not a legitimate method of rabbit destruction. Consequently 
less information is available on both the changes in virus 
virulence and on possible changes in the resistance of wild 
rabbits. Different methods of assessment of virulence 
have been used in France, England and Australia. At the risk 
of some inaccuracy, the results available on strains recovered 
from France and England have been summarized in Table II. 
They show that in Europe, as in Australia, attenuated strains 
have appeared and are gradually becoming more common, 
although highly virulent strains are still present. Several of 
the French strains of 1957 caused an extremely mild disease. 


8. Reasons for the Dominance of Attenuated Strains 


Myxomatosis infected millions of rabbits in both Australia 
and Europe, so that ample opportunities existed for the 
emergence of variant forms of the virus. Marshall (unpub- 
lished) has looked carefully for antigenic differences, but has 
found only one, which appears to be of no immunological 
significance. Alterations in virulence, however, appeared 
early and simultaneously in widely separated localities. _ 

When viruses are passed repeatedly in a particular host in 
the laboratory they often become more virulent for that host, 


Brit. med. Bull. 


althot 
other 
host i 
(and | 
tendet 
been 1 
ation 
from 
proce 
infect: 
passa; 
maxir 
to act 
large 
for th 
strain 
host f 
of les: 
the di 
select 
final t 
prope 
strain 
skin, ; 
is dif 
cases. 
The 
rabbit 
virule 
highly 
and at 
ever, 1 
the cx 
skin | 


Strate 
(Fenn 
Euroy 
begin: 
harbo 
virule 
the Io 
at the 
survi\ 





wes = ha Semel 


- 


co 


~ 


i 
n 
y 
e 


a. a FrOooauw<s &* 


aa 


MYXOMATOSIS Frank Fenner 


TABLE Il. VIRULENCE OF STRAINS OF MYXOMA 
VIRUS RECOVERED FROM NATURALLY INFECTED 
RABBITS IN FRANCE AND ENGLAND 


Grade of virulence 


—————— TT 


1952 

1953 

1954 

1955 

1956 (England) 
1957 (England) 
1957 (France) 


although this may be accompanied by attenuation for some 
other (perhaps the natural) host. Attenuation for the passage 
host is virtually unknown. Yet in both Australia and Europe 
(and in many widely separated areas in each continent) the 
tendency with myxoma virus undergoing natural passage has 
been towards a moderate degree of attenuation. The explan- 
ation for this difference lies in the method of transfer of virus 
from one host to another. In the laboratory the usual 
procedure is to select the animal showing the first signs of 
infection and to use material from this animal for the next 
passage; this procedure naturally tends to select variants with 
maximum virulence. In Nature, however, the rabbit most likely 
to act as a source of infection for others is the one which offers 
large virus-rich skin lesions as feeding grounds for mosquitoes 
for the greatest length of time—that is, a rabbit infected by a 
strain of virus which does not terminate the infectivity of its 
host for others by killing it rapidly. This survival advantage 
of less virulent strains is presumably greatest when spread of 
the disease is least efficient—that is, during winter. In short, 
selection in the laboratory is for rapid multiplication and high 
final titre; in Nature it is for these properties and also for the 
property of persistence of the high final titre. Very attenuated 
strains, like Hurst’s neuromyxoma, multiply so poorly in the 
skin, and recovery sets in so early, that mosquito transmission 
is difficult: nq such strains have been isolated from field 
cases. 

The results of titration of the superficial cells of the skin of 
rabbits infected with several strains of virus of different 
virulence showed that all naturally occurring strains (whether 
highly virulent or not) multiplied to about the same extent 
and at the same rate (Fenner, Day & Woodroofe, 1956). How- 
ever, the highly virulent strains rapidly killed the host, whereas 
the common moderately attenuated strains produced many 
skin lesions which remained infective for mosquitoes for a 
prolonged period. 

A field experiment carried out in Australia in 1954 demon- 
strated the high survival advantage of the current strains 
(Fenner, Poole, Marshall & Dyce, 1957). The highly virulent 
European strain of virus was introduced on a large scale at the 
beginning of the transmission season, in a rabbit population 
harbouring the enzootic attenuated strain. Although the 
virulent European strain dominated the peak of the epizootic, 
the local attenuated strain occurred in appreciable numbers 
at the end of the epizootic and was the only type of virus to 
survive through the ensuing winter. 


9. Changes in the Resistance of Wild Rabbits to 
Myxomatosis 


Persons who recover from measles are immune to reinfec- 
tion. Rabbits which recover from myxomatosis are likewise 
immune (Fenner, Marshall & Woodroofe, 1953). In long- 
lived man, the adult population is by and large immune to 
measles, but few rabbits live long enough in Nature to enjoy 
their immunity to myxomatosis. Recovered does will trans- 
mit a transient and low-grade immunity to their progeny 
(Fenner & Marshall, 1954). This may save some of them from 
death when infection is due to attenuated strains, but on the 
whole it does not seem to have been important in Australia. 

However, the extreme lethality of myxomatosis makes it a 
very efficient selective mechanism for genetic resistance to the 
disease. Apart from environmental effects (see section 10), 
animals which recover, rather than die, do so in virtue of their 
genetic resistance, and this they can transmit to their progeny. 
Tests of the importance of genetic resistance in Australian 
wild rabbits necessitated the selection of a standard virus 
instead of the standard host used for the virulence tests 
(Marshall & Fenner, 1958). It was decided not to use the 
original laboratory strain as it was so virulent that its use 
might obscure slight changes in genetic resistance. Instead, 
one of the common grade III strains, with a mortality rate of 
about 90% in laboratory rabbits, was selected. To ensure its 
constancy a large batch of material has been preserved on dry 
ice since 1953. Each year since then batches of young wild 
rabbits of the spring breeding have been captured in places 
where the local history of the disease is known. They have 
been taken to Canberra, raised to adulthood under isolation 
conditions and challenged by the intradermal inoculation of 
a small dose of the selected virus. There has been a steady 
trend towards lower mortality rates each succeeding year. 
Initially the virus used killed 90% of wild as well as of labor- 
atory rabbits, whereas four and five years later the mortality 
rate had fallen to about 50%. Very recent tests (Marshall, 
unpublished) have shown that the case-mortality rate after 
the seventh annual epizootic is down to 30%: the trend 
towards increased genetic resistance has been maintained. 
In addition there has been a striking change in the symptom- 
atology, for in the more recent tests many rabbits have 
suffered quite a mild disease, which was never seen in the 
first two years. 

The evidence from these tests is unequivocal—there has 
been a steady increase in genetic resistance; and tests of a few 
of the progeny of these recovered rabbits with the highly 
virulent laboratory strain showed that the resistance extended 
to this strain. 

Doubts immediately arose as to how closely these findings, 
made with rabbits maintained under the best possible condi- 
tions in the laboratory, might apply to the situation in the 
field. To test this Marshall and Douglas (unpublished) split 
groups of wild rabbits so that half of each group was caged in 
runs in the areas of capture, and the other half was kept in 
our laboratories. Upon challenge with an attenuated strain 
of virus both groups showed a significant increase in resistance 
over normal laboratory rabbits, and this was actually much 
greater in animals kept in the field than in those maintained 
in the laboratories. This unexpected difference is probably 
explained by the facts set out in the next section. The impor- 
tant point is that the increased resistance does affect the 
mortality rate under field as well as laboratory conditions. 
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10. Effect of Environmental Temperature on 
Myxomatosis 


Many years ago laboratory workers (Parker & Thompson, 
1942) showed that exposure to a constant high environmental 
temperature (102° F.? or higher) greatly diminished the 
severity of myxomatosis in inoculated rabbits. More recently 
Sobey in Sydney (cited by Mykytowycz, 1956) and Mykyto- 
wycz (1956) in Canberra observed the reverse effect, i.e., that 
exposure of sick rabbits to a lower environmental temperature 
considerably increased their mortality rate. Marshall (un- 
published) has recently confirmed and greatly extended these 
observations. 

Groups of laboratory rabbits inoculated with an attenuated 
strain of virus were maintained after inoculation either in an 
unheated room in Canberra (night temperatures fall to about 
30° F.), in a constant temperature room at about 70° F., or 
in a room maintained for 12 hours at 70° F. and 12 hours at 
92-95° F. each day. The rate of progress of the disease, 
and the mortality rate, varied greatly in the different groups, 
although when a highly virulent strain of virus was used all 
rabbits died in the expected time. (See Table III.) 


TABLE Ill. MORTALITY AND SYMPTOMATOLOGY IN 
RABBITS MAINTAINED AT DIFFERENT ENVIRON- 
MENTAL TEMPERATURES AFTER INOCULATION 
WITH THE SAME PREPARATION OF VIRUS 
(GRADE III VIRULENCE) (Marshall, unpublished) 


30~-40° F. 70° F 
(12 hours) 70° F. 
50-60° F. (24 hours) 
(12 hours) 


(12 hours) 


92-95° F. 
(12 hours) 


Mortality 20/21 12/17 2/12 
(deaths/total number) 


Severe, with 
oedematous 
lesions 


Symptomatology Variable | Mild, with well- 


demarcated 
lesions 


Dr Marshall is now investigating the mechanism of this 
temperature effect, which possibly involves both alteration 
in host response and in the ability of the virus to multiply. 

There has been an increasing body of evidence from the 
field in Australia that this temperature effect is now playing 
a major role in determining whether mortality rates are high 
or low. The pattern seems to be that the occasional winter 
outbreaks now cause relatively high kills, whereas summer 
epizootics caused by viruses of much the same intrinsic 
virulence are often associated with low case-mortality rates. 


11. Methods of Control of Myxomatosis 


Myxomatosis in wild rabbits is essentially an uncontrollable 
disease, although efforts were made by a few enthusiastic 
French hunters to capture, vaccinate, and release wild rabbits 
so that they would be available later for hunting; to import 
resistant American cottontail rabbits (Sylvilagus spp.) and 
cross them with European wild rabbits; and even to re-stock 
hunting grounds with recovered wild rabbits from Australia. 

In other countries control measures have been required only 
to protect laboratory and domestic rabbits. Recognition of 


4° F, = § (t—32)° C_—Eb. 


the mode of transmission, by flying arthropods, suggests the 
insect-proofing of breeding quarters, and this has proved 
satisfactory in areas of high risk in Australia. For domestic 
rabbits, and for laboratory rabbits raised in quarters which 
cannot be mosquito-proofed, vaccination with the related 
fibroma virus offers a high degree of protection, although this 
is not absolute (Shope, 1938; Fenner & Woodroofe, 1954: 
Jacotot, Vallée & Virat, 1955b; Rowe, Mansi & Hudson, 
1956). As with all living vaccines, the strain of virus used, its 
potency, and the mode of inoculation are important. If 
adequate care can be taken with these variables, as in colonies 
of laboratory rabbits, vaccination with fibroma virus is a 
highly satisfactory procedure. 


12, Future of Myxomatosis in Australia and Europe 


Myxomatosis of the European wild rabbit is a new disease 
which in its initial impact was as devastating an infectious 
disease as could be imagined. Initiated by man, it is now 
established as an enzootic disease over the two major areas of 
prevalence of European rabbits, Europe and Australia. The 
disease itself, the expression of the interaction between virus 
and host animal, has undergone changes as both virus and 
host animal have evolved in response to the new situation. 
Initially, the virus strains introduced on both continents were 
of extremely high virulence, and the rabbit populations were 
almost uniformly highly susceptible. The first outbreaks, in 
large rabbit populations, killed enormous numbers of rabbits, 
so that many sick and dead rabbits could be seen in almost 
any area where rabbits abounded. The resultant reduction in 
the rabbit population made subsequent outbreaks much less 
conspicuous. In addition, in Australia the original highly 
virulent strain was very soon replaced as the dominant strain 
by a variant which killed about 90% of infected laboratory 
rabbits. Similar slightly attenuated strains emerged in 
Europe also, but, in Britain at least, they have not replaced 
the original highly virulent strain as completely as in Australia. 
The alteration in the virulence of the virus allowed enough 
rabbits to survive for natural selection to operate upon the 
rabbit population also, so that its composition has changed 
and the proportion of genetically resistant rabbits has greatly 
increased. No information is available on changes in the 
genetic resistance of rabbits in Europe, but it can safely be 
assumed that the same changes are occurring there also.” 

It is now clear (as was forecast by epidemiologists) that 
myxomatosis will not eradicate rabbits from infested areas of 
any magnitude. As far as the virus is concerned, it is likely 
that the strains of differing virulence will persist indefinitely. 
Selection of the virus, being dependent upon its transmissi- 
bility, will favour virus strains which, in rabbits with the 
genetic resistance common at a particular time, will produce 
virus-rich skin lesions which will persist for a long time. 
Whether the rabbit dies or recovers is irrelevant as far as 
transmission is concerned. Whether ultimately the disease 
will resemble the benign localized tumour produced in 
Sylvilagus rabbits cannot be foreseen. 

We may regard myxomatosis in the European wild rabbit 
as a prototype of what must have happened rather frequently 
in the past and may occur again in the future; the movement 
of a virus to a new definitive host. On the one hand, the mode 
of transmission has favoured and effectively selected less 
virulent strains of the virus; and, on the other, the drastic 


? See book review by H. V. Thompson, p. 250 of this Bulletin. This indicates 
that the course of events may be different in Britain.—Ep. 
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natural selection imposed upon the rabbit population has 
already appreciably altered its genetic resistance to the 
disease. 
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Virus Growth and Variation: Ninth Symposium of the 
Society for General Microbiology held at the Senate 
House, University of London, April 1959 


Society for General Microbiology. Edited by A. Isaacs & B. W. 
Lacey. Cambridge: University Press, 1959. 272 pages; 
13 figures; 22 plates. 25 x 16cm. £1 15s. 


Each year the Society for General Microbiology organizes a sym- 
posium on some specialized aspect of the subject, in which the pro- 
gress in some rapidly expanding field is reviewed and summarized 
by expert and authoritative speakers. It is seven years since virology 
was treated of in this way, and this book represents papers circu- 
lated before the meeting held in London in April 1959. 

The emphasis in all the papers is on fundamental biological 
problems, but the approach is very varied. A general survey by 
Luria emphasizes the relation between virology, genetics and the 
biochemistry of nucleic acids. Cooper reviews recent biochemical 
studies of virus-infected cells and makes some generalizations re- 
garding work of this kind. Hirst describes recent work from his 
Department, in which animal cells infected with dissimilar viruses 
produce new virus particles possessing properties of both parents. 
Kellenberger brings together recent work on the multiplication of 
bacteriophage—particularly in its chemical and morphological 
aspects. Harrison gives a general review of plant virus multiplica- 
tion, and Schafer describes recent work from his Department on 
the infectious nucleic acid of an encephalitis virus and also integrates 
many new facts concerning the growth of fowl-plague virus. Stoker 
shows how herpes simplex virus is now studied by methods almost 
as precise as those used with bacteriophage, while Rubin outlines 
similar technical successes with the Rous sarcoma virus and some 
of the interesting results obtained. Maitland & Postlethwaite, on 
the other hand, describe technical difficulties in doing clean and 
precise growth curve experiments even with a well-studied virus- 
like vaccinia. The volume closes with two papers built around new 
microscopical methods. Anderson, Armstrong & Niven show how, 
with ultra-violet fluorescent microscopy, it is possible to observe 
the distribution of the two types of nucleic acid in virus-infected 
cells. Morgan & Rose give a succinct account of the appearances 
of cells infected with adenovirus and influenza viruses, comment 
on their significance and illustrate their remarks with some of their 
own superb electron micrographs of ultra-thin sections. The volume 
is well produced and makes valuable reading for those wishing to 
be informed of recent progress in the biology of viruses. 


D. A. J. Tyrrell 


Perspectives in Virology 


Edited by Morris Pollard. New York: John Wiley & Sons, Inc.; 
London: Chapman & Hall Ltd., 1959. xix -+ 312 pages; 
figures; 2 colour plates. 24 x 15cm. £2 16s. 


New concepts derived from the application of an ever-increasing 
number of techniques to the study of viruses are discussed in this 
symposium held in honour of F. R. Beaudette. The rate of progress 
in this field may be illustrated by the fact that many of these new 
concepts, which sounded so daring only a year ago, are now gener- 
ally accepted and in some cases even surpassed. Features of virus- 
host interactions ranging from the biochemical to the epidemio- 
logical levels are presented and discussed by eminent specialists. 

Basic aspects of virus multiplication, including the infective 
property of viral nucleic acid, the intracellular sites of formation 
of virus components and the assembly of these components into 
virus particles, are presented by H. Fraenkel-Conrat and by W. 
Schafer. Genetic interactions between bacteriophages and bacteria 
by transduction and conversion mechanisms are discussed by N. D. 
Zinder. Application of tissue-culture techniques to the study of the 
fibroma—myxoma transformation is presented by L. Kilham, who 
suggests possible bearings of this phenomenon on cancer research. 


The use of new tissue-culture techniques for the study of bio- 
chemical aspects of virus—cell interactions and for the measurement 
of virus action is presented by H. Eagle and by T. T. Puck. Advances 
brought about by the use of tissue-culture techniques are also 
illustrated by the work of Enders, Katz & Medearis on measles 
virus and by the account given by R. J. Huebner of numerous newly 
recognized viruses associated with a variety of human diseases. 

An article on the natural history of hog cholera, by R. E. Shope, 
illustrates the many mechanisms involved in the ecology and 
epizootiology of animal viruses. Virus ecology is also considered 
by E. Traub, especially in connexion with its relation to host 
immunity. Intriguing problems related to the 1957 pandemic of 
Asian influenza are posed by C. H. Andrewes who develops stimulat- 
ing ideas bearing on the origin and spread of this disease. Important 
recent developments in the study of animal neoplasias of viral 
aetiology are presented by J. W. Beard, C. Friend, S. E. Stewart & 
B. E. Eddy, and K. M. Endicott. The volume and tone of the discus- 
sions following these communications clearly indicate the great 
interest focused at present on this field of research. 

As an epilogue to this symposium, the “‘benevolent virus” 
responsible for tulip breaking is described by R. J. Dubos. 


H. G. Pereira 


Biochemistry of Viruses: Proceedings of the Fourth 
International Congress of Biochemistry, Vienna, 
1-6 September, 1958. Volume VII, Symposium VII 


Edited by E. Broda & W. Frisch-Niggemeyer. London: 
Pergamon Press, 1959. xi-+ 255 pages; plates; figures. 
24 x 16cm. £3 3s. 


This volume contains the 30 papers presented at the Symposium 
on the Biochemistry of Viruses held at Vienna in September 1958. 
Biochemists are no longer content merely to study viruses during 
their extracellular phase, and increasingly they are using modern 
methods of dynamic biochemistry to study the processes taking 
place within the cells. The papers presented at the Symposium 
illustrate this trend, half of them being concerned with biochemical 
aspects of the intracellular multiplication of virus. It is also 
significant that over half the papers are concerned with virus nucleic 
acids, for the discovery that the infectivity and, therefore, the genetic 
information, is carried by the nucleic acid of plant, animal and 
bacterial viruses has stimulated wide interest in the structure and 
function of nucleic acids. 

Papers by Dunn & Smith (Molteno Institute, Cambridge) and 
Knight (University of California, Berkeley) discuss the composition 
of the nucleic acids and proteins respectively of plant viruses. Six 
papers are concerned with the infective nucleic acid obtained from 
tobacco mosaic virus. The original observations have now been 
confirmed in a number of laboratories, but Pirie (Rothamsted 
Experimental Station, Harpenden) points out some of the difficul- 
ties in the widely accepted assumption that the nucleic acid alone 
is the infective agent. Two papers (Mundry & Gierer, Max-Planck- 
Institut fiir Biologie, Tiibingen, and Staelin & Gordon, University 
of California, Berkeley) describe the changes in biological activity 
produced by modification of the virus nucleic acid in vitro. Bergold 
(Sault Sainte Marie, Ontario) discusses the structure and chemistry 
of insect viruses; and two different types of animal viruses—the 
avian leukaemia viruses and poliomyelitis virus—are the subjects 
of papers by J. W. Beard and colleagues (Duke University School 
of Medicine, North Carolina) and Schwerdt (Stanford University, 
California). In a remarkable paper, Hoyle (Public Health Labora- 
tory, Northampton) describes a seasonal and inexplicable variation 
in the composition of influenza virus nucleic acid. Bauer & Bradley 
(Wellcome Laboratories of Tropical Medicine, London) and Joklik 
(Australian National University, Canberra) report on biochemical 
changes in cells infected with neurotropic viruses and vaccinia virus 
respectively. Finally, there is a group of five papers on bacterial 
viruses. Here biochemical studies have been extremely rewarding, 
as shown in papers by Kozloff (University of Chicago) and Volkin 
(Oak Ridge, Tennessee). A combination of biological and bio- 
chemical methods is beginning to illuminate the molecular basis of 
inheritance, and Stent (University of California, Berkeley) ably 
discusses a possible mechanism for replication and genetic recom- 
bination of the deoxyribonucleic acid of bacterial viruses. 


D. C. Burke 
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Expert Committee on Respiratory Virus Diseases: 
First Report 


Geneva: World Health Organization, 1959. (World Health 
Organization Technical Report Series, No. 170.) 59 pages; 
1 figure. 24 x 16cm. 3s. 6d., $0.60, or Sw.fr. 2 


The network of influenza reference laboratories in many countries 
with two international centres in England and the USA, sponsored 
by WHO, has contributed greatly to our understanding of the 
behaviour of influenza viruses and was particularly useful at the 
time of the emergence of the new A Type (A2 or Asian) in 1957. 
However, the increased facilities for laboratory diagnosis of respira- 
tory infections, particularly the introduction of tissue-culture tech- 
niques, have resulted in the isolation of a considerable number of 
hitherto unknown viruses from the human respiratory tract, the 
importance of many of which as a cause of disease is still to be 
determined. For this reason the World Health Organization 
deemed it advisable to expand the terms of reference of their 
former Expert Committee on Influenza and in 1957 convened a 
meeting of the Committee on Respiratory Virus Diseases. 

Considerable confusion has been caused in recent years by the 
description of new clinical syndromes or new viruses before the 
particular problem has been adequately studied, and the Committee 
suggest that a simple classification of clinical syndromes should be 
used and that no new syndrome should be designated until know- 
ledge concerning the aetiological virus or viruses has advanced to 
the stage where the condition can be recognized as an entity. The 
Committee also recommend that WHO should help in the co- 
ordination of such investigations and in providing the reagents 
necessary for identification of the viruses isolated. 

The subject of influenza is discussed at some length, particularly 
in relation to the new sub-group of A virus designated A2, the 
mechanism of changing antigenic types and the use of prophylactic 
vaccines to reduce infection. It was agreed that much influenza 
can be prevented even when inactivated virus vaccine against a 
new strain has to be made quickly. Considerable interest has been 
taken in the possible application of live virus vaccines, injected 
intranasally, which have been in use in the USSR for several years. 
This vaccine cannot be used in children under seven years because 
of the severe febrile reaction it causes, and there are still a number 
of technical difficulties to be overcome on which further research 
is required. In the laboratory A2 was found to have characteristics 
which made some previous techniques unsuitable and new ones 
were devised to make identification simpler, quicker, or better. The 
isolation of new viruses of the influenza group from horses and 
ducks has stimulated interest in the possibility of animal reservoirs 
of human influenza, and WHO are sponsoring further investigations 
along these lines. 

The adenoviruses are next discussed briefly under the headings 
of aetiology, clinical syndromes, epidemiology, laboratory diag- 
nosis, and prophylaxis. The satisfactory use of vaccines containing 
Types 4 and 7 to control respiratory infection in recruits is noted. 
At present this seems to be the only group in which adenovirus 
vaccines are likely to be of any practical value. 

The miscellaneous group of viruses whose role in the cause of 
respiratory disease is not yet determined are merely listed with a 
few brief comments concerning the types of illness in which they 
have been found. 

As is usual in all the reports in this series, the second half com- 
prises a number of extremely useful annexes of practical value for 
those undertaking laboratory diagnosis, including a complement- 
fixation test for typing strains of virus. 

This report should be available in every virus diagnostic labora- 
tory and health department if this large problem is going to be 
tackled vigorously. 

F. O. MacCallum 


Viral and Rickettsial Infections of Man 


Edited by Thomas M. Rivers & Frank L. Horsfall. 3rd ed. 
London: Pitman Medical Publishing Co. Ltd., 1959. xviii + 
967 pages; 134 figures. 26 x 18cm. £3 3s. 


The third edition of this standard work has been in large part 
rewritten, and there has been considerable re-arrangement of the 
contents. There are new chapters on the recently described groups 
of ECHO viruses and adenoviruses; the haemadsorption (para- 
influenza) viruses, however, receive only cursory mention. British 


workers may take pride in the fact that one chapter, that on small- 
pox, cowpox and vaccinia by Professor A. W. Downie of Liverpool, 
is one of the most scholarly and satisfying in the volume. Par- 
ticularly good are his sections on the history of smallpox and of 
vaccination, on diagnosis and public health aspects. Extensive work 
on the properties of vaccinia virus is very fully dealt with. 

The 44 contributors have been given ‘“‘full freedom . . . to write 
as they thought best’’. Naturally some chapters are far better than 
others and there is occasionally too ready acceptance of an uncon- 
firmed claim; but the book is certainly a triumph of careful planning 
and devoted hard work. A subvention from the National Founda- 
tion, USA, has permitted its publication at a very reasonable price 
of three guineas. 


C. H. Andrewes 


Antisera, Toxoids, Vaccines and Tuberculins in Pro- 
phylaxis and Treatment 


H. J. Parish. 4th ed. Edinburgh: E. & S. Livingstone Ltd., 
1958. x + 256 pages; plates; figures. 22 x 14 cm. £1 10s. 


Prophylactic immunology must form an important part of the 
practice of most general practitioners, but in no other branch is the 
medical student’s theoretical knowledge liable to be more sketchy, 
or his ignorance of ‘how and why to do it’? more extensive. There 
is also more than a suspicion that this state of affairs is sometimes 
carried over into the early years of practice. For this reason, this 
book by Dr Parish is particularly welcome in that it links the 
technique of immunological method with the experimental findings 
on which it is based, and does so clearly with a critical presentation. 

The fact that this book has already reached a fourth edition 
indicates an appreciative market; it has also given the author an 
opportunity to revise and modernize the contents. These are now 
well up to date, and the sections on poliomyelitis and influenza 
vaccination may be recommended to student and general practi- 
tioner alike as a fair summary of current beliefs and practice. In 
addition, it seems worth mentioning the valuable chapters on intra- 
dermal tests and BCG and vole bacillus vaccines. 

Of the less satisfactory features, one regrets the somewhat poor 
quality of the colour photograph reproductions. Also the stylized 
half-tone diagrams (notably facing pp. 8, 9) could perhaps be 
aesthetically improved by using a more formal graphic presentation. 
Another minor fault is the tendency to catalogue for the sake of 
completeness, without contributing really useful information, which 
is beginning to creep into the text, particularly in the later pages. 

In addition to the 244 pages of text and the illustrations, there is 
a valuable bibliography and an index. This makes a great deal of 
practical and fundamental information available to all members of 
the medical profession at a very low cost. It certainly represents 
excellent value for money. 


G. Belyavin 


The Harvey Lectures 


Delivered under the auspices of The Harvey Society of New 
York, 1957-58. Series Lill. New York & London: Academic 
Press, 1959. xiv + 254 pages; plates; figures. 21 x 14 cm. 
£3 


These lectures, the 53rd series delivered under the auspices of the 
Harvey Society of New York, cover a wide field of medical science, 
and range from longer papers on cell division and extra-corporeal 
maintenance of cardio-respiratory functions to shorter ones on 
bacterial reproduction and some reactions of lymphoid tissues to 
stimulation by antigens. Seven of the papers are by American 
workers, with one contribution from Wales and another from 
Australia. Two lectures deal specifically with virology: ‘‘ Structure 
and infectivity of tobacco mosaic virus’’, by H. Fraenkel-Conrat 
and ‘“‘Myxomatosis in Australian wild rabbits—evolutionary 
changes in an infectious disease’, by Frank Fenner. 

Myxomatosis is a benign disease of the native South American 
rabbit (Sylvilagus brasiliensis), but it is highly fatal to the European 
rabbit (Oryctolagus cuniculus). The successful introduction of 
myxoma virus into wild populations of Oryctolagus cuniculus, first 
in Australia and then in Europe, has taken place only in the last 
decade. Myxoma offers virologists a rare opportunity of studying 
the evolution of a virus disease in an animal population that was 
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originally completely susceptible. Professor Fenner and his 
colleagues have made the most of this opportunity. They have 
traced the replacement in Australia of the original strain of virus, 
giving over 99% mortality, by moderately attenuated strains which, 
because they produce more persistent lesions, are spread more 
readily by vectors—chiefly mosquitoes. A feature of myxomatosis 
in Australia has been the occurrence of an annual epizootic, related 
to rainfall and the seasonal abundance of vectors. Attenuation of 
the virus has allowed natural selection to operate in favour of those 
rabbits having greater innate resistance to the disease. 

Fenner is inclined to assume that myxomatosis, in Europe, is 
evolving along much the same lines as in Australia, but this is not 
necessarily the case as far as Britain is concerned. The principal 
vector here is the rabbit flea (Spilopsyllus cuniculi), and mosquitoes 
are of slight importance; wide-spread annual epizootics do not 
occur; attenuated and virulent strains of myxomatosis exist side by 
side and an increase in innate resistance to myxoma has not yet 
been demonstrated. There is much scope for further research. 


Harry V. Thompson 


Cell and Tissue Culture 


John Paul, Edinburgh: E. & S. Livingstone Ltd., 1959. viii + 
261 pages; 9 plates; 41 figures. 22 x 14 cm. £1 10s. 


The practice of tissue culture has in the past ten years become so 
wide spread that it is not only a standard procedure in research 
laboratories investigating a wide range of zoological problems but 
it is the basis of routine diagnostic services in public health and 
hospital laboratories. Despite the ever-increasing use of the 
technique, there still clings to it an aura of mysticism and witchcraft 
which is the direct legacy of the pioneering work of Alexis Carrel, 
when bacterial contamination was the greatest single enemy of the 
tissue culturist, and so little was known of the nutritive require- 
ments of tissue cells that medium constituents were evaluated in 
terms of growth-promoting or growth-inhibiting “factors”. The 
standard text-books do little to dispel this aura, and one of the 
most useful contributions of Dr Paul’s small but comprehensive 
book is the deliberate and successful presentation of tissue-culture 
techniques in a manner which will intimidate no potential worker 
in this field. 

The book has been based on the Tissue Culture Association 
Summer Course, Denver, Colorado, which is directed by the 
author, Dr Paul of the University of Glasgow, and its principal 
service will be as an elementary text-book of tissue-culture technique 
for the graduate student entering the field for the first time. The 
first two parts provide the general background for the individual 
techniques described in parts III and IV. Part I deals with the 
general principles of cell culture, with brief descriptions of the 
cytology, morphology and metabolism of tissue cells and a more 
detailed treatment of their nutritional requirements. The two chap- 
ters on media should be particularly valuable in providing a rational 
understanding of the principles of cell culture, though one could 
wish that more space could have been allotted to the wide range of 
bacteriological digest media which are in standard use in all 
bacteriological laboratories, are fully as effective as the traditional 
embryo extracts and ascitic fluids, and whose use greatly simplifies 
the problems of tissue-culture media for the small laboratory. 

Part II, which deals with the choice and preparation of apparatus 
and basic aseptic technique, indicates clearly that successful tissue 
culture demands no more elaborate procedures than those familiar 
to bacteriologists. 

In parts III and IV, individual techniques are described in 
varying degrees of detail according to their importance or general 
application, and standard procedures are given in sufficient detail 
to be easily followed at the bench. The more specialized techniques 
such as time-lapse cinemicrography and cellular autoradiography 


using stripping emulsion are not presented in such detail, but th 
usefulness is indicated and suitable references are included in 
bibliography. 

While the main value of this book will certainly be to student 
learning tissue culture, experienced workers will also find it ve 
useful as a concise and up-to-date reference book covering all th 
standard techniques of cell culture. The compositions of the late 
defined media in chapter VI and the chemical methods of preparin 
and cleaning apparatus presented in chapter VIII are likely to t 
particularly useful to many workers. While this book is conside 
ably smaller and in consequence less detailed, it goes some y 
towards providing the tissue-culture worker with the invaluab 
service which Mackie & McCartney’s Handbook of practia 
bacteriology (9th ed., 1953) provides for the bacteriologist. 


J. C. N. Westwood 


Lectures on the Scientific Basis of Medicine. Volum 
VI: 1956-57 


British Postgraduate Medical Federation, University of Londo 
London: Athlone Press, 1958. ix + 393 pages; plates; figure: 
22 x 14cm. £2 5s. 


The British Postgraduate Medical Federation arranges annual 
a series of lectures on a wide range of topics selected to illustrate 
those fields in which important advances relevant to medica 
practice are being made. This volume contains 21 lectures from the 
series delivered between October 1956 and February 1957. The 
lecture of direct interest to workers in the virus field is by Kenneth 
Smith under the title, ““The electron microscope in the study o 
viruses’”’. 

Some of the lecturers assume considerable knowledge on the! 
part of the hearers, and enter into much detail. Dr Smith, however, 
treats his audience far more gently and starts by “refreshing their 
memory’ on the essential characteristics of a virus. He deals, as 
he admits slightly apologetically, with the viruses of plants and 
insects that have been his special study, rather than with the viruses 
of medical importance. The excuse made—that at the level of the 
electron microscope the animal and plant viruses have much in 
common—is, however, certainly a valid one. It is indeed remark- 
able how many of the more exciting concepts in the virus field have 
started from a study of a plant or insect virus. The tendency of 
virologists working with animal viruses to regard these other 
viruses as belonging to a separate category is attributed by Dr 
Smith to the ease with which many plant and insect viruses can be 
crystallized. One can understand this attitude. A  virologist 
struggling to effect even partial purification of an animal virus with 
enzymes and column chromatography, when he reads of the tipula 
virus crystallizing the first time infected material is centrifuged, can 
well be excused for wondering if he and Dr Smith are playing the 
same game. Moreover, not only does this virus readily form a 
crystal, it forms one that glows with a turquoise iridescence only 
to be compared with a giant opal. 

The three years since the lecture was given have, of course, seen 
great advances in the study of viruses with the electron microscope. 
In particular the negative-staining technique developed in the 
Cavendish Laboratory at Cambridge has revolutionized the subject 
by giving sufficient contrast to show molecules on the virus surface. 
(A striking example of this technique illustrates the paper on 
adenoviruses in this Bulletin, p. 225.) However, Dr Smith’s lecture 
only briefly outlines electron-microscope techniques, and it is as an 
introduction to the insect viruses that these nine pages will be read 
with most appreciation. Six plates illustrate the lecture, five of 
them electron micrographs, all of insect viruses. It is hardly neces- 
sary to add, in view of the author’s reputation, that the whole 
account is delightfully written. 

Robin C. Valentine 


The copyright of all material published in the 
Bulletin becomes the property of the British Council 
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@ The testing of the vaccine is greatly 
facilitated. 


obey 


¢ Biological control can be conveni- 
ently centralized. 


@ A vaccine of known potency can be 
stored indefinitely ready for im- 


mediate distribution. 


@ Freeze dried vaccines suffer no struc- 
tural or biological changes. 


The “Speedivac” range of freeze drying 
plant includes centrifugal freeze driers, 
blood plasma plant, simple and automatic 
vacuum tray driers and bone and artery 
driers. Individual units are available for 
drying a few ccs. of material for research 
purposes as well as large-scale installa- 
tions capable of processing many hundreds 
of litres per cycle. 


SOME EXAMPLES OF VACCINE DRYING 
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BCG (tuberculosis) vaccine (by courtesy of Glaxo 
Laboratories Limited). 

Rinderpest and Newcastle Disease vaccines in 
Pakistan and Burma (by courtesy of the Food 
and Agricultural Organisation). 

Blue Tongue, Rabies, Contagious Abortion and 


many other vaccines (by courtesy of the South 
African Veterinary Services). 
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Circular booms or “‘sacks’’ each consisting of about 25,000 logs, on the Gatineau River, Quebec. one of 
Canada's richest sources of pulp wood. (Photograph by courtesy of the National Film Board of Canada.) 
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